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Gonad differentiation is an important process in reproductive biology, as it creates the 
fully mature sexual organs that are essential for the production of the next generation in 
sexually reproducing organisms. In this study, the widely used zebrafish was chosen as a 
model organism. The study of zebrafish gonad differentiation will not only help to 
understand some of the basic biological questions of gonad formation, but also shed light 
on the reproduction of other teleosts important for aquaculture production. The 
differentiation of male zebrafish involves the formation of a “juvenile ovary” which later 
degenerates and transforms into a testis. Although a few studies have described the 
morphology of “juvenile ovary-to-testis” transformation process based on histology of 
randomly collected individuals, the molecular mechanism has not been studied so far. 
In this study, EGFP from vas::egfp transgenic zebrafish was found to be a faithful 
marker for observing “juvenile ovary-to-testis” transformation in the male, during which 
the EGFP intensity decreased and disappeared eventually. At the same time, varied 
intensity of EGFP signal was observed among male zebrafish at their juvenile ovary stage. 
By histology, the level of EGFP was found to be correlated to the degree of juvenile 
ovarian development.  
Individuals undergoing gonad transformation were selected and analyzed by real-time 
PCR, in situ hybridization and on a custom-made microarray which contains over 6.3K 
gonad-derived unique cDNAs isolated in our laboratory. During natural gonad 
transformation in male, cyp19a1a was also found to be down-regulated. In contrast, Anti-
Müllerian hormone (amh) showed reciprocal expression level to cyp19a1a. It was up-
 VII
regulated in those regions where cyp19a1a had previously been expressed before 
transformation, i.e. in the somatic cells surrounding the oocytes. The gene synthesizing 
11-ketotestosterone (11-KT), 11β-hydroxylase (cyp11b), was also found to be up-
regulated during gonad transformation, but it was expressed later than amh and its 
localization was not related to the position of oocytes. Comparative global analysis of 
transcriptomes between transforming gonads and non-transforming gonads (ovaries) also 
identified other genes (over 200) differentially expressed by at least 2 fold during 
transformation.  
The data lead to a hypothesis that the down-regulation of cyp19a1a by amh may be 
the mechanism of “juvenile ovary-to-testis” transformation. To prove this hypothesis, 
three different transgenic lines have been created to overexpress amh, and they will be 
analyzed in the future. The data also suggest that the most predominant fish androgen, 
11-KT, does not appear to be the inducer for testis differentiation or gonad transformation 
in zebrafish as proposed by studies performed on other teleosts. Candidate genes pulled 
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Chapter 1  Introduction 
 
1.1  Sex determination and differentiation 
 
Sex determination and differentiation are among the most fundamental processes in 
reproductive biology. The presence of sexual reproduction allows the recombination and 
combination of genes inherited from two parental organisms (male and female) to the 
next generation, thus making the new individuals more able to adapt to the environment. 
The sex of a given individual is often determined during embryogenesis, by genetic or 
environmental factors, in a process called sex determination (Schartl, 2004).  In mammals, 
the gonad begins as a bipotential primordium which is able to differentiate into either a 
testis or an ovary, depending on the presence or absence of Y chromosome (Ross and 
Capel, 2005). Once the sex is determined, the newly formed gonads will secret hormones 
that will direct the differentiation of reproductive system and later the secondary sexual 
characteristics in both males and females (Brennan and Capel, 2004; Park and Jameson, 
2005). The process of formation of gonad and other reproduction-related organs after sex 
determination is thus called sex differentiation (Schartl, 2004).  
The mechanisms of sex determination differ in their modality across various animal 
taxa, even among species of the same family. These modes could be generally divided 
into two categories: genetic sex determination (GSD), in which the sex is determined by a 
sex chromosome or an autosomal gene,  and environmental sex determination (ESD), in 
which sex is determined by temperature, sex ratio or population density (Haag and Doty, 
2005; Hodgkin, 1992). The GSD system through sex chromosome is most commonly 
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found in mammals, birds, and fish. If the male is heterogametic the sex chromosome is 
denoted X and Y, so the male’s genotype is XY and females’ is XX. If the female is 
heterogametic, the sex systems will be denoted as ZW female / ZZ male. 
Despite the multiple modes of sex determination among species, the gonad 
differentiation often involves similar pathways (Grave, 1995; Wilkins, 1995). All testes, 
from fish to mammals, basically contain three types of cells: Sertoli cells, Leydig cells 
and spermatocytes. In contrast, the ovary contains granulosa cells, theca cells and oocytes.  
Several genes involved in mice gonad differentiation have been shown to be conserved in 
chicken and zebrafish as well, such as P450 aromatase (cyp19a1) (Chiang et al., 2001b), 
doublesex and mab3 related transcript (Dmrt1) (Guo et al., 2005; Smith et al., 1999), 
fushi tarazu factor-1 (FTZ-F1) (von Hofsten et al., 2005). They show similarity in the 
protein or DNA sequences, and are expressed in the similar cell types. 
The reason why sex determination (primary signal) shows much higher variety and 
flexibility compared with gonad differentiation (downstream regulators) is not known. It 
has been suggested that the downstream regulators were derived from the more ancient 
basic machinery of sex determination and that selection pressure had led to the addition 
of new upstream regulators independently in different taxa (Wilkins, 1995; Zarkower, 
2001). In the following introduction of this thesis, the variety of sex determination in both 
invertebrates and vertebrates will be reviewed and gonad differentiation pathway will be 
generalized from the best studied vertebrate model - mice. The emphasis will be on 
discussing the mode of sex determination and candidate genes involved in gonad 




1.2  Sex determination mechanism of some invertebrates (fruit fly and worm) 
 
The fruit fly (Drosophila melanogaster) has a XX female XY male genotype. 
However, sex is not determined by Y chromosome but determined by the ratio of dosage 
of X chromosomes to set of autosomes (X:A). When X:A=1 (for example XXAA), the 
key gene - Sex-lethal (Sxl) will be activated to initiate the female pathway, and repress 
male-specific genes; when X:A=0.5 (for example XYAA), Sxl remains off, male pathway 
will be initiated and female-specific genes will be repressed (Burtis, 1993; Saccone et al., 
2002). 
Similarly to fruit fly, the sex of round worm (Caenorhabditis elegans) is also 
determined by ratio of X:A, except that its sex is either male or hermaphrodite. Worms 
with an X:A ratio of 1 are hermaphrodite like natural hermaphrodites (XXAA), and those 
with an X:A ratio of 0.5 are males (natural males XOAA as an example).  Animals can 
even discriminate much smaller difference in the signal: Those with an X:A ratio of 0.67 
(2X:3A) are males, whereas those with an X:A ratio of 0.75 (3X:4A) are hermaphrodites 
(Carmi and Meyer, 1999; Parkhurst and Meneely, 1994). 
      
1.3   Sex of mammal is determined by sex chromosomes (XX female / XY male)  
 
Mammals have an XX female / XY male sex determination system. The male specific 
gene SRY (Sex-Determining Region Y) located on Y chromosome initiates the male 
development pathway, without which the individuals follow the female pathway. The 
SRY gene was first found in human  by searching through a 35-kilobase region of the 
human Y chromosome (Sinclair et al., 1990). The function of SRY as a sex determining 
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gene was proven by the finding of SRY in XX males (Palmer et al., 1989) and mutation of 
SRY in XY females (Berta et al., 1990; Jager et al., 1990). Its sex-determining function 
was also proven in mice by transgenic studies. When chromosomally female embryos 
were injected with 14-kilobase genomic DNA containing Sry gene, the transgenic XX 
mice developed testes, male accessory organs, and penises (Koopman et al., 1991).  
 
1.4    Avian sex is determined by ZW female / ZZ male chromosomal system 
 
Unlike mammals in which males are heterogametic (XY), birds are homogametic in 
males (ZZ) and heterogametic in females (ZW). However, the basic mechanism 
underlying sex determination is still unknown. Maleness may be determined by dosage of 
Z chromosomes, alternatively femaleness may be determined by a dominant gene on W 
chromosomes, or both could apply (Smith and Sinclair, 2004). In the former case, Dmrt1 
(doublesex and mab3 related transcription factor 1) which is located on the Z 
chromosome and is expressed higher in testis than in ovary, is thought to be a candidate 
gene (Raymond et al., 1999; Smith et al., 1999). In the latter case, ASW/Wpkci (W 
chromosome-linked PKC inhibitor/interacting protein) was found to be linked to W 
chromosome and expressed specifically in female gonad (Hori et al., 2000; O'Neill et al., 
2000), and so was FET-1 (Female expressed transcript 1) (Reed and Sinclair, 2002). 
However, due to the lack of techniques like gene targeting, there is still no report on 




1.5    Sex is determined by temperature in some reptiles 
 
In all crocodilians and marine turtles examined to date, some terrestrial turtles and 
viviparous lizards, temperature-dependent sex determination (TSD) mechanism have 
been found commonly (Pieau and Dorizzi, 2004; Pieau et al., 1999; Pieau et al., 2001; 
Western and Sinclair, 2001). Moreover, among these species there are three different 
types of responses to the temperature. Many turtles become males when the embryos are 
incubated below transition range of temperature (TRT), and females above TRT. The 
opposite has been observed in some lizards and crocodiles. In other species, males are 
determined when incubated around TRT, whereas females are produced both above and 
below TRT (Pieau et al., 1999). The action of temperature on sex determination might be 
via some steroidogenic enzymes which in turn change the levels of hormones (Crews, 
2003; Pieau et al., 1999). For instance, it has been found that the concentration of yolk 
17β-estradiol (E2) responds differentially to incubation temperature during embryonic 
development in both the snapping turtle (Chelydra serpentina) and the alligator (Alligator 
missipiensis) (Elf, 2003). The changes of hormone level will then affect the expression 
levels of downstream gonad-related genes. 
 
1.6    Sex determination in fish 
 
Fish represent the largest vertebrate group in the world, with roughly 25 thousand 
species (Schartl, 2004). At the same time, their sex determination mechanism is also the 
most variable. Both XX/XY and ZW/ZZ sex chromosomes system have been found in 
fish even within the same family, such as Nile tilapia (XX/XY, Carrasco et al., 1999) and 
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blue tilapia (ZW/ZZ, Campos-Ramos et al., 2001). Furthermore, only around 10% of the 
fish examined (1700 species) so far have cytogenetically distinct sex chromosomes 
(Devlin and Nagahama, 2002). Many fish species may use three or more genetic factors 
to determine the sex (polyfactorial sex determination),  in which case the sex ratio is 
always variable from family to family (Bull, 1983; Devlin and Nagahama, 2002; Yusa 
and Suzuki, 2003). Environmental factors like temperature may also affect the sex ratio, 
European sea bass (Dicentrarchus labrax L.) being a good example. When the sea bass 
larvae and juvenile sea bass are reared at 19–22 °C instead of the typical spawning 
temperature (~14 °C), they usually develop as males (about 75 %) (Piferrer et al., 2005). 
Despite extensive genetic studies on sex determination in fish, the only sex 
determining gene known so far is DMY or Dmrt1b (Y) (DM-domain gene on Y 
chromosome) found in medaka (Oryzias latipes) which has XX/XY sex determining 
system (Matsuda et al., 2002; Nanda et al., 2002). DMY is only expressed in XY 
individuals, and mutation of it leads to sex reversal in XY males (Matsuda et al., 2002). 
Knocking down DMY by engineered peptide nucleic acid (GripNA) caused XY germ 
cells to resume mitosis and enter meiosis just like XX germ cells in the larvae (Paul-
Prasanth et al., 2006). Genomic DNA containing DMY gene is able to initiate male 
pathway in XX females when it is injected to the one-cell-stage embryos (Matsuda, 2005).  
DMY is the second sex determining gene after Sry found in vertebrates. However, unlike 
Sry that can be found in most mammalian species, DMY is only found in a second species 
Oryzias curvinotus (a close family member of medaka) untill now (Matsuda et al., 2003), 
but not in other Oryzias species or other fish species (guppy, tilapia, zebrafish and fugu) 
(Kondo et al., 2003). The timing of DMY expression is also different from Sry whose 
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expression is transient during development. The mouse Sry starts to be expressed from 
10.5 days, reaches a peak at 11.5 days and then switched off after 12.5 days (Hacker et al., 
1995; Jeske et al., 1995). In contrast, DMY is constantly expressed from 1 day embryo till 
adulthood (Kobayashi et al., 2004; Nanda et al., 2002). 
 
1.7    Testicular differentiation of mammals 
1.7.1     Differentiation of Sertoli cells 
 
Sertoli cells not only play very important role in directing the proliferation and 
differentiation of germ cells during spermatogenesis in the adult testis, but also are 
essential for differentiation of testis in the embryo. In mice Sertoli cells originate from 
proliferating cells of the coelomic epithelium before 11.5 day post coitum (dpc) (Karl and 
Capel, 1998). This proliferation of Sertoli cell precursors, which is a specific process in 
the XY gonads, is believed to be due to the expression of mammalian sex determining 
gene – Sry (Schmahl et al., 2000).  
Sry is expressed transiently from 10.5–12.0 dpc first in the central region of the gonad 
and then extended to the two distal regions (Albrecht and Eicher, 2001a; Bullejos and 
Koopman, 2001). Sry initiates the testis pathway by activating the expression of a key 
transcription factor Sry-related HMG box-9 (Sox9) in the same Sertoli cell precursors 
(Sekido et al., 2004). From 11.5 dpc on, Sox9 is strongly up-regulated in the testis, but it 
is down-regulated in the ovary (Sekido et al., 2004). Functionally, Sox9 is sufficient to 
generate a fully fertile male mouse in the absence of Sry (Bishop et al., 2000; Qin and 
Bishop, 2005; Qin et al., 2004). Homozygous deletion of Sox9 in mice XY gonads results 
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in inactivation of some male-specific  genes but also activation of some female-specific 
genes (Chaboissier et al., 2004). In human, XY females were found to have a mutation in 
SOX9 (Foster et al., 1994; Wagner et al., 1994), and some XX males were found with 
duplicated SOX9 (Huang et al., 1999).  
It has been found recently that Sox9 protein binds the promoter region of 
prostaglandin D synthase (Pgds) which is expressed in the Sertoli cell lineage 
immediately after the onset of Sox9 (Wilhelm et al., 2007). Pgds encodes an enzyme that 
produces prostaglandin D2 (PGD2), which forms a positive feedback loop to maintain the 
expression of Sox9 after the transient expression of Sry (Wilhelm et al., 2005). PGD2 is 
necessary for the proliferation and differentiation of Sertoli cells from the coelomic 
epithelium, and it is also sufficient to induce the expression of Sox9 and the down-stream 
gene anti-Müllerian hormone (AMH) in cells that lack Sry transcript (Wilhelm et al., 
2005). Beside PGD2, Fgf9 has also been shown to be required to maintain the expression 
of Sox9, and the lost function of Fgf9 leads to male-to-female sex reversal (Colvin et al., 
2001; Schmahl et al., 2004). Fgf9 is also found to be able to induce the expression of 
Sox9 in XX cells in vitro (Kim et al., 2006). 
The gene encoding anti-Müllerian hormone (AMH), also known as Müllerian 
inhibitory substance (MIS), is another target of SOX9 that has been identified so far 
(Arango et al., 1999; De Santa Barbara et al., 1998). AMH is a ligand belonging to 
transforming growth factor β (TGF-β) family and forming a glycoprotein dimer linked by 
disulfide bonds (Cate et al., 1986; Picard et al., 1986). AMH is expressed in the Sertoli 
cells of fetal testes, and induces regression of the Müllerian ducts, the anlage of the 
female internal reproductive organs which may differentiate into Fallopian tubes, uterus 
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and the upper part of the vagina in both sexes (Josso et al., 1993; Lee and Donahoe, 1993; 
Munsterberg and Lovell-Badge, 1991). Chronic expression of human AMH in mice by 
transgenesis led to a blind vagina, no uterus or oviducts and  degenerate ovaries in the 
females, but no effects in most of the males (Behringer et al., 1990).  
The expression of AMH was also regulated by another two important factors 
steroidogenic factor 1 (SF1) and GATA-4 (Tremblay and Viger, 1999; Tremblay and 
Viger, 2003; Watanabe et al., 2000). Using 2-day postnatal primary cultures of rat Sertoli 
cells that continue to express endogenous AMH mRNA, Watanabe et al. (2000) examined 
the function of 2 SF1 binding sites and 2 GATA-4 sites in the promoter region of human 
AMH. Mutation in any of them will abolish the promoter’s activity in driving luciferase 
expression. Besides, Wilms’ tumor 1 (WT1) was found to synergize with SF1 to promote 
AMH expression, while Dax-1, an X-linked gene, antagonizes synergy between WT1 and 
SF1 (Nachtigal et al., 1998). 
 
1.7.2     Differentiation of Leydig cells 
 
Following the formation of Sertoli cells, another important somatic cell type in the 
testis - Leydig cells differentiate in the interstitial region between 12.5 and 13.5 dpc 
(Ross and Capel, 2005). Leydig cells are the main producer of steroid hormones which 
promote development of Wolffian duct derivatives and masculinization of the external 
male genitalia. The differentiation of Leydig cells depends on some factors from Sertoli 
cells, one of which is Desert hedgehog (Dhh). Dhh, together with its receptor Patched 1 
(Ptch1), triggers Leydig cell differentiation by up-regulating Steroidogenic Factor 1 (SF1) 
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and P450 Side Chain Cleavage enzyme (P450SCC) (Yao et al., 2002). Dhh mutant mice 
lacked Leydig cells at 13.5 dpc, and later some Leydig cells were observed but the 
number was much fewer than in the wild type (Yao et al., 2002). Gata-4, a transcription 
factor normally expressed in both Sertoli cells and Leydig cells, is also found to be 
required for Leydig cell differentiation. When wild type Gata4+/+ ES cells or mutant 
Gata4-/- ES cells were injected into the flanks of intact or gonadectomized nude mice, 
only the former were able to differentiate into Leydig cells (Bielinska et al., 2007).  In 
addition, platelet-derived growth factor receptor-a (Pdgfr-a) (Brennan et al., 2003) and 
aristaless-related homeobox gene (Arx) (Kitamura et al., 2002) are also required for 
Leydig cell differentiation. 
 
1.7.3     Differentiation of primordial germ cells 
 
Primordial germ cells (PGCs) have the potential to differentiate into either oogonia 
or spermatogonia during embryogenesis. In a female genital ridge, or in a non-gonadal 
environment, PGCs enter meiosis and initiate the oogenesis pathway; while in male 
gonad PGCs are inhibited from entering meiosis and directed into spermatogenesis 
pathway (Adams and McLaren, 2002). Recently, the fates of PGC have been found to be 
regulated through retinoid signaling (Bowles et al., 2006). Retinoic acid, produced by 
mesonephroi of both sexes, leads the PGCs into oogenesis in the ovary. However, it is 
degraded by CYP26B1 enzyme in the testis, and thus fails to initiate meiosis of PGCs, 
causing PGCs to differentiate into spermatogonia (Bowles et al., 2006). In addition, some 
factors from germ cells may also affect the differentiation of gonadal somatic cells. 
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Adams and McLaren  found that PGD2 which maintained the expression of Sox9 and was 
important for Sertoli cell proliferation and differentiation, was also produced in PGCs 
apart from the Sertoli cells. 
 
1.8 Ovarian differentiation of mammals 
 
Compared to numerous studies focusing on testis differentiation, the differentiation of 
ovary is poorly understood. Folliculogenesis is an important process during ovary 
development for undifferentiated germ cells to develop into mature oocytes. The germ 
cells are closely associated together in a nest before birth, and only some of them can 
survive later and form primordial follicles – a single oocyte surrounded by somatic cells. 
After birth, the somatic cells differentiate into granulosa cells and theca cells and form 
several layers to nurse the growing oocytes (for reviews see Barnett et al., 2006; Loffler 
and Koopman, 2002). By reverse genetic studies, a basic helix-loop-helix transcription 
factor Pod1 (Cui et al., 2004) and a forkhead transcription factor Foxl2 (Ottolenghi et al., 
2005) have been found to be required for ovarian differentiation. In addition, Dax1, Wnt4 
and Fst are also important, but not absolutely required, for this process (reviewed by 
Barnett et al., 2006). 
 
1.9 Zebrafish sex determination  
 
Zebrafish has become an excellent model organism for studying vertebrate 
development.  Compared with mice, it has transparent embryos developing outside the 
body. The embryogenesis can be complete within two days from one single fertilized egg 
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to a well developed swimming larva. Zebrafish also has a very short generation time. 
After 3 months of age it can breed to produce the next generation, over one hundred eggs 
each time for every week. Technically, zebrafish is also more suitable for large scale 
mutagenesis, easier for transgenesis and micromanipulations which are important for 
genetic studies. Owning to these advantages, it has been used extensively to study early 
organogenesis, such as the formation of neuron, blood, muscle, kidney, and liver  
(Ackermann and Paw, 2003; Thisse and Zon, 2002). However, the later events of 
development, like sex determination and gonadal differentiation, are still poorly 
documented. The studies of these processes should help us to understand the vertebrate 
reproduction better, through experiments that would be difficult to conduct in mammals 
or birds. Studying zebrafish production may also have potential economic value as it 
belongs to the family of Cyprinidae with several foodfish species commonly cultured 
around the world.  
The mechanism of sex determination in zebrafish is still unclear. The karyotype of 
zebrafish contains 25 pairs of chromosomes (Sola and Gornung, 2001). No sexually 
differentiated chromosome could be identified by examining synaptonemal complexes 
(SCs) during meiotic prophase with light and electron microscope (Traut and Winking, 
2001; Wallace and Wallace, 2003). Moreover no sex-linked marker has been identified so 
far, although over 2000 microsatellite markers have been mapped out (Knapik et al., 1996; 
Knapik et al., 1998; Shimoda et al., 1999).  
Studies from gynogenesis or androgenesis may give some clues about the sex-
determining system in fish. Gynogenotes from XX female will be 100% XX females, 
while those from ZW female will be 50% WW females, plus 50% ZZ males, assuming 
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full viability of all gynogenotes. In contrast, androgenotes from XY males will be 50% 
XX females and 50% YY males, while those from ZZ male will be 100% ZZ males 
accordingly. However, from zebrafish most or all of the gynogenotes developed into 
males (Horstgen-Schwark, 1993; Pelegri and Schulte-Merker, 1999; Streisinger et al., 
1981; Uchida et al., 2002); with one exception of  female-biased gynogenotes from one 
particular golden-based line (Pelegri and Schulte-Merker, 1999).  For androgenotes, all 
the individuals turned out to be males (Corley-Smith et al., 1999). These data suggest that 
zebrafish is unlikely to have an XX/XY system, which would produce 100% female 
gynogenotes, 50% female androgenotes and 50% male androgenotes. But it could have a 
ZW/ZZ system, provided that the survival rate of ZZ males differ from that of WW 
females, which might lead to male-biased or female-biased gynogenotes, and 100% male 
androgenotes.  
Germ cells have been found to play an important role in zebrafish sex determination. 
All individuals develop into phenotypic males when PGCs are ablated by knocking down 
dead end (a gene important for the survival of PGCs) or using the toxin-antitoxin 
components of the parD bacterial genetic system (Slanchev et al., 2005). Histological 
dissection of these male gonads confirmed the absence of any kinds of germ cells, and it 
also showed that there was large number of somatic cells forming sheath-like structure 
encompassing a large empty area (Sreenivasan et al., unpublished data). Surprisingly, 
these morphological males without germ cells are still able to induce the wild type 
females to lay eggs. Once some of those males are sex-reversed into phenotypic females 
by estrogen-treatment, they cannot do the induction anymore (Slanchev et al., 2005). 
However, it is still not clear whether the gonadal somatic cells can differentiate into 
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Sertoli cells or Leydig cells without germ cells. Further analysis is needed to study the 
expression levels of these cell markers by RT-PCR and in situ hybridization. 
 
1.10 Morphology of zebrafish gonad differentiation 
 
The gonadal differentiation of zebrafish involves a stage of juvenile hermaphroditism. 
Initially all the individuals develop juvenile ovaries, which then degenerate and transform 
into testes in the males, but continue to develop into mature ovaries in the females. The 
pioneer work was done by Takahashi (1977) who performed histology on 302 individuals 
from 2 to 60 days after hatching [4-62 days post fertilization (dpf)]. He found that all the 
zebrafish individuals developed ovaries by 16 dpf, and after 25 dpf half of them had 
degenerating oocytes and proliferating stroma cells, sometimes mixed with spermatocytes, 
which indicated the male gonads were transforming from ovaries to testes. This 
transformation process was usually completed before 42dpf. Juvenile hermaphroditism in 
zebrafish was confirmed by Maack and Segner (2003) who used similar methods on 406 
individuals in total, albeit the timing of each stage was found at least 10 days later than 
those in the former study probably due to different strains and culture environment.  
In addition to these two detailed morphological studies, few investigations have been 
done to understand the mechanism of gonadal transformation in male. Uchida et al.,  
found some “early diplotene oocytes” (only 6.4±0.2 µm in diameter) to be undergoing 
apoptosis in the male gonads, the number of which was 7-11 times higher than that of 
female gonads, using TUNEL (terminal-deoxynucleotidyl-transferase-mediated dUTP 
nick-end labelling) assay. Therefore they concluded that testicular and ovarian 
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differentiation was induced by oocyte apoptosis. However, those so called “early 
diplotene oocytes” in their studies were probably not real oocytes which should be over 
10 µm in diameter. Thus whether gonadal transformation was due to oocyte apoptosis or 
not can not be concluded. 
 
1.11 Observing zebrafish gonad differentiation by transgenic reporter gene – GFP 
 
In the absence of a sex linked marker zebrafish cannot be sexed, which hinders the 
studies of molecular mechanism of gonadal differentiation. Traditional method using 
Hematoxylin and Eosin staining requires the tissues to be fixed, sectioned and stained, 
which often leaves the material invaluable for other purpose such as RNA isolation. In 
order to differentiate the sex as early as possible, researchers have made transgenic 
zebrafish with ovary specific or enhanced promoters driving GFP (green fluorescence 
protein). The first line was transgenic to β-actin:egfp (medaka β-actin promoter driving 
EGFP) created by Hsiao and Tsai (2003). This transgene was highly expressed in the 
ovaries, but was only dimly detected in the testes and other tissues, thus leading to a 
dominant fluorescence from the ovary once it got differentiated. The second line was 
transgenic to zpc0.5:gfp (Onichtchouk et al., 2003). Zpc (zona pellucida c) is an oocyte-
specific gene, so the zpc promoter only initiates GFP expression in the ovary. Both two 
lines provide good markers for observing the differentiation of ovary from 
undifferentiated gonads after weeks post fertilization, and sexing the fish after 5 weeks 
when EGFP expression became stable. An interesting phenomenon was also found during 
male gonadal development in these two transgenic lines. Some males showed transient 
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green fluorescence during juvenile stage, while the rest had never showed any 
fluorescence. By histology, Hsiao and Tsai  found “early diplotene oocytes” in the former 
males at 26 dpf, but not in the later ones. These two studies raise a new question: are 
there any males that do not go through juvenile ovary stage? In our laboratory we found 
ovary-enhanced EGFP expression from the third transgenic line - vas::egfp, created by 
Krøvel and Olsen (2002). Later Krøvel and Olsen  also reported that vas::egfp  provided 
a good marker for sexing zebrafish. vasa is a conserved germ cell marker found in many 
muticellular animals (Noce et al., 2001; Raz, 2000). The reason why vas::egfp showed 
sexually dimorphic expression is not known. Furthermore, the stage of juvenile 
hermaphroditism has not been observed in this line.  
Despite all these histological and transgenic studies, the process of “juvenile ovary-
to-testis” transformation has never been shown to be correlated to the decrease of EGFP 
signal in the male zebrafish, which, if true, may provide a most valuable marker for 
understanding the molecular mechanism of this transformation. Furthermore, it is still 
unclear why some males do not show any fluorescence during development, since all 
males should go through “juvenile ovary” stage, which is concluded from the histological 
studies.  
 
1.12   Candidate genes with potential role in zebrafish gonad differentiation 
1.12.1    Aromatase: an enzyme converting testosterone into 17β-estradiol 
 
Aromatse, a member of the cytochrome P450 superfamily, is an enzyme that converts 
steroid hormone testosterone into 17β-estradiol (E2) (Figure.1). The gene Cyp19a1 
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encoding aromatase has been identified in many vertebrate species including human, 
mouse and fish. E2 is believed to be the major sex hormone for inducing and maintaining 
ovarian development in fish (Yamamoto, 1969). Exposing zebrafish to E2 at 100ng/l 
prior to and during the time of sex differentiation resulted in a female-biased sex ratio at 
maturity (Brion et al., 2004). This feminizing effect was also found in medaka. The 
fertilized eggs immersed in 1 µg/ml of E2 for 24 hours all developed into females 
(Kobayashi and Iwamatsu, 2005). Chemical inhibition of aromatase leads to all male or 
male-biased sex ratio probably by transforming female ovaries into testes (Fenske and 
Segner, 2004; McAllister and Kime, 2003; Uchida et al., 2004).  
 
 
Figure 1. Steroidogenic pathway in teleost fish (Modified from Young et al., 2005). E2 
and 11-KT are synthesized from the same precursor – testosterone, via two different 






Two aromatase genes have been identified in zebrafish, cyp19a1a mainly expressed 
in ovary, and cyp19a1b mainly in brain (Chiang et al., 2001b). By real-time RT-PCR  
analysis, the transcript level of cyp19a1a showed nearly 100 times higher in adult ovary 
than in testis, but there was no obvious difference of cyp19a1b between female brain and  
male brain [Figure 1. of (Sawyer et al., 2006)]. By in situ hybridization, cyp19a1a 
showed a pattern of increasing expression level in granulosa cells from stage IB to stage 
III oocytes, but it could not be detected from testis at any stage (Rodriguez-Mari et al., 
2005). These data suggest that cyp19a1a plays more important role for sexual divergence 
than cyp19a1b does.  
 
1.12.2    11β-hydroxylase: the key enzyme to synthesize 11-ketotestosterone from 
testosterone 
 
11-ketotestosterone (11-KT) is the most predominant androgen in fish testes (Jiang et 
al., 1996a; Nagahama, 1999). In vitro, 11-KT could induce all stages of spermatogenesis 
in Japanese eel (Miura et al., 1991). Implantation of excess amount of 11-KT into the 
body of honeycomb grouper (Epinephelus merra) led to the sex reversal of females 
(Bhandari et al., 2006).  
11-KT is also synthesized from testosterone, with two sequentially acting enzymes 
11β-hydroxylase (Cyp11b, also named as P45011β) and 11β-hydroxysteroid 
dehydrogenase (11β-HSD) in Leydig cells (Baroiller et al., 1999). In trout the 
concentration of 11-KT is only correlated with transcript level of cyp11b, but not with 
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11β-HSD (Young et al., 2005), indicating that Cyp11b is the key enzyme for this 
steroidogenic pathway. cyp11b has been cloned from several teleost fishes including 
Japanese eel (Anguilla japonica) (Jiang et al., 1996b), rainbow trout (Oncorhynchus 
mykiss) (Kusakabe et al., 2002; Liu et al., 2000), and medaka (Oryzias latipes) (Yokota et 
al., 2005). By semi-quantitative RT-PCR the transcript level of cyp11b was estimated to 
be at least 100 times higher in rainbow trout males than in females 3 weeks before the 
first sign of histological sex differentiation, indicating its important role in testis 
differentiation (Liu et al., 2000). However, neither cyp11b nor 11-KT has been studied in 
zebrafish before this study. 
Gonadal differentiation of zebrafish can also be affected by synthesized hormones, 
like methyltestosterone (MT) and ethinylestradiol (EE2). Oran et al. (2003) observed 
complete masculization of zebrafish treated in MT from 26 to 1000ng/l, and feminization 
when treated with EE2 at 2, 5 and 10 ng/l.   
 
1.12.3 amh: a candidate gene inhibiting the expression of aromatase in zebrafish 
 
In mammals, AMH has also been confirmed to be able to inhibit expression of 
aromatase, in addition to its function in inducing Müllerian degeneration (di Clemente et 
al., 1992; Josso et al., 1998; Vigier et al., 1989). AMH treated ovine fetal ovaries released 
much higher level of testosterone but lower level of  estradiol than the untreated ovaries 
(Vigier et al., 1989). In medaka, amh and its receptor amhrII are co-expressed in the 
somatic cells of gonads of both sexes (Kluver et al., 2007; Morinaga et al., 2007). 
Mutation of amhrII leads to excessive proliferation of germ cells that starts from the 
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hatching stage in both sexes (Morinaga et al., 2007). More interestingly, half of the 
homozygous mutant males undergo sex-reversal, accompanied by the expression of 
female-characteristic aromatase gene in the somatic cells of the gonads. These data 
indicate that amh is important for testis differentiation in fish, and it may play a 
conserved role in down-regulating aromatase.   
The zebrafish ortholog of amh has been isolated recently (Rodriguez-Mari et al., 2005; 
von Hofsten et al., 2005). It is highly expressed in the Sertoli cells after testicular 
differentiation but undetectable in the ovary until the oocytes enter cortical alveolar stage 
(stage II) (Rodriguez-Mari et al., 2005). Most importantly, amh transcript is also 
localized in ovarian follicle layer where cyp19a1a is expressed (Chiang et al., 2001b; 
Goto-Kazeto et al., 2004), indicating that they may have interaction as shown in 
mammals. However, these studies lack data to support or prove that amh could actually 
inhibit the expression of cyp19a1a in zebrafish. 
 
1.12.4 Other genes (sox9, sf1 and dmrt1) 
 
Two sox9 genes, termed sox9a and sox9b, have been discovered in zebrafish. By in 
situ hybridization sox9a was detected in the Sertoli cells of adult testis, same localization 
as amh (Chiang et al., 2001a; Rodriguez-Mari et al., 2005). In the undifferentiated gonad 
(17dpf), sox9a is already strongly expressed when amh is first detectable (Rodriguez-
Mari et al., 2005). These data indicate that zebrafish sox9a may have conserved function 
in activating amh, the same way as in the mammals.  Besides, sox9a is also expressed in 
other organs, like brain, muscle, fin and kidney (Chiang et al., 2001a). In contrast, sox9b 
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is only expressed in the previtellogenic oocytes of ovary (Chiang et al., 2001a; 
Rodriguez-Mari et al., 2005), which does not seem to be related to amh.  
Steroidogenic factor 1 (Sf1, Nr5a1 or Ftz-f1) is a key regulator of steroidogenic and 
gonadotrophic gene expression, which is important for the differentiation and 
maintenance of both gonadal and adrenal tissue (for review see Fowkes and Burrin, 2003; 
Jameson, 2004). In mammals, SF1 regulates the expression of AMH together with 
GATA4 and Wilms tumour-1 (WT1), leading to the degeneration of Müllerian duct in the 
male (Giuili et al., 1997).  In zebrafish four sf1 (ftz-f1) genes have been identified, ff1a, 
ff1b, ff1c and ff1d (for review see von Hofsten and Olsson, 2005). Among them ff1d is 
expressed in testicular Leydig cells and Sertoli cells, which is identical to the localization 
of mammalian Sf1. Thus, it has been proposed to be a candidate gene for sex 
determination and differentiation in zebrafish (von Hofsten et al., 2005; von Hofsten and 
Olsson, 2005). 
Dmrt1, is also a candidate gene regulating gonad differentiation found in fish, reptiles, 
birds and mammals. It contains a conserved DNA binding domain (DM domain) shared 
by the Drosophila sex regulator doublesex and the C. elegans sexual regulator mab-3 
(Raymond et al., 1998). Male Dmrt1 knockout mice fail to develop functional testes, and 
their germ cells are missing and Sertoli cells are undifferentiated. In contrast, female have 
normal ovaries and are fertile (Raymond et al., 2000). More interestingly, one paralog of 
Dmrt1 in medaka - Dmrt1b or DMY, has been found to be a sex determining gene 
(described above). The ortholog of zebrafish Dmrt1 has been cloned, including 3 
isoforms generated by alternative splicing. All three isoforms’ transcript levels showed 
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much high level in the testis than in the ovary (Guo et al., 2005). However, its function in 
zebrafish gonad development is currently unknown. 
 
1.13 The purpose of this study 
 
The molecular mechanism of “juvenile ovary-to-testis” transformation during male 
zebrafish differentiation has never been studied. Aromatase has been found to be 
important for the survival of female ovary, but whether the transforming process involves 
its down-regulation is not known yet. In mammals the Amh is able to inhibit the 
expression of aromatase, which indicates that it might have an important role during 
zebrafish gonadal transformation if it is functionally conserved. The Leydig cell marker 
cyp11b or its product 11-KT was proposed to be the inducer for testis differentiation in 
teleosts. However, its expression pattern has never been studied in zebrafish or compared 
to the Sertoli cell factor – amh. Furthermore, more candidate genes need to be discovered 
in order to investigate this transforming process. 
 
This study aims:  
First, to study whether vas::egfp can be a marker for observing “juvenile ovary-to-
testis” transformation process. Samples will be collected based on dynamic EGFP 
expression, and analyzed by histology.  
Second, to try to establish a transgenic line with testis-specific marker for observing 
testicular cells differentiation in vivo. Promoters will be cloned from testis-specific genes 
and fused to a red fluorescence protein gene (tdTomato). 
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        Third, to analyze the gene expression patterns of amh, cyp11b and cyp19a1a during 
gonadal development by real-time PCR and in situ hybridization.  
Fourth, to overexpress amh by transgenesis to investigate whether it can initiate 
testicular pathway. Promoters from hsp70, cyp19a1a and β-actin1 will be utilized, 
respectively. 
Fifth, to search for more novel genes which are involved in this process by cDNA 
microarray established in our laboratory. RNAs will be isolated from transforming 
gonads and non-transforming gonads, respectively, amplified and labeled for microarray 
hybridization. 
       This thesis will concentrate on morphological description and genetic analysis of the 
gonadal transformation process during male gonad development. The sex determining 
mechanism and the early differentiation of ovary are not the main purpose of this study.  
This study will contribute to the zebrafish-related research by providing a detailed 
view of gonadal differentiation in males, and establishing a method to obtain samples 
undergoing this key process by following changes of fluorescence in transgenic 
individuals. The expression profiles of amh, cyp11b and cyp19a1a would indicate their 
functional role in gonadal transformation. Overexpression of amh will reveal whether it 
has a conserved role in regulating cyp19a1a, and shed on some light on the mechanism of 
gonad transformation. Results from cDNA microarray will discover more novel genes 





Chapter 2      Materials and Methods 
 
2.1   Origin, breeding and rearing of fish 
 
Hemizygous embryos from the transgenic vas::egfp zebrafish line (AB-based) were a 
kind gift from Dr. Lisbeth Olsen (SARS, Bergen, Norway). They were raised to maturity 
in our lab and crossed to generate a homozygous transgenic line. Fish were kept in 
AHAB recirculation systems (Aquatic Habitats, Apopka, FL, USA) at 26-28°C, and at a 
14 hour light / 10 hour dark cycle. Crossing of fish and feeding of larvae, juveniles and 
adults were done according to Westerfield (1995). 
 
2.2   Observation of vas:egfp expression 
 
      To study the differential expression of EGFP in females and males, hemizygous 
vas::egfp transgenic individuals (tg/+) were generated by crossing homozygous 
transgenic (tg/tg) males with non-transgenic (+/+) AB females. During their development 
fish were anesthetized with Tricaine and checked for EGFP expression under dissecting 
fluorescent microscope (Leica MZ125 microscope equipped with BLS universal 
visualizing light source, or Nikon C-BD230 with LH-M100C-1 light source). At the 
appearance of the reporter expression individuals were assigned into three different 
groups: those with strong expression, weak expression and no expression. (These three 
categories are arbitrary, as the range of expression was actually continuous from lack of 
expression to the strongest EGFP expression.) Fish assigned to the same category were 
pooled into a separate tank and kept there until the next assessment (24-72 hours). At the 
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next testing individuals showing a similar level of change in their expression level - in 
comparison to their group mates - were assigned into a new subgroup and placed into a 
separate tank. Testing continued until no individual showed a change in a given (sub) 
group at two consecutive assessments.   
 
2.3   Hematoxylin and Eosin staining 
 
    Fish  were fixed in 10% formalin overnight at room temperature. After dehydration in 
a series of ethanol dilutes (50-95%), samples were embedded in plastic resin (Leica). 
Serial cross sections of 2 µm were cut by microtome (Leica), and dried on slides at 42 °C 
overnight. Sections were first stained by Harris’ hematoxylin for 10 minutes, after which 
they were dipped quickly into acid alcohol, tap water, and ammonia water, and washed in 
running tap water for 15 minutes. Eosin was then applied to the sections for 5 minutes 
followed by dipping into 95% alcohol. The slides were dried at room temperature and 
mounted in Permount (FisherBrand). Staging of germ cells followed the 
recommendations of Selman et al. (1993), as well as those of van der Ven and Wester 
(http://www.rivm.nl/fishtoxpat/), whereas description of fish ovarian lumen were based 
on Patino and Redding (2000).  
 
2.4   Immunohistochemistry 
 
     Tissues or whole fish were fixed in 4% paraformaldehyde in phosphate buffer at pH 
7.4 and 4°C overnight. After embedding in 2% agar and soaking in 30% sucrose the 
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tissues were then frozen in Jung tissue freezing medium (Leica, Cat# 020108926) and 
sectioned (12 µm) by cryostat (Leica). Sections were dried on hot plate at 42°C over 
night. Immunohistochemistry was performed according to Schulte-Merker (2002). Tissue 
sections were first incubated with primary antibody (polyclonal GFP antibody, Clontech) 
in blocking solution (Roche). This was followed by incubation with one of the two 
different secondary antibodies to develop the signal. In one experiment peroxidase-
conjugated goat secondary antibody against rabbit IgG was used, followed by staining 
with DAB. In the second one Alexa Fluor 488-labelled goat anti-rabbit secondary 
antibody (Invitrogen, Cat# A11008) was used to generate a visible signal directly. The 
slides were mounted with 80% glycerol in PBS, and imaged by Zeiss Axioplan 2 
microscope with Nikon DXM1200F digital camera and ACT-1 software. 
 
2.5   In situ hybridization                                                                                                                                
 
      The DIG-labeled RNA probes, both sense and antisense, were produced from plasmid 
containing the cDNA insert using T3, T7 or SP6 transcriptase (Promega). After 
purification, the probes longer than 800 nucleotides (nt) were further hydrolyzed into 
short fragments of ca. 300-400 nt long with carbonate buffer (final concentration: 40 mM 
NaHCO3 and 60 mM Na2CO3). The length of time for hydrolysis is calculated using the 
formula: T (minutes) = (Li-Lf)/K Li Lf ,   where Li is the initial length of probe, Lf is the final 
length of probe and K=0.11 kb/minute. 
      Tissue sections were prepared in the same way as described above for 
immunohistochemistry (2.4). The protocol for hybridization was a kind gift from John H. 
Postlethwait’s lab who followed the description of Strahle et al. (1994) with 
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modifications based on Jowett et al. (1995). The sections were first incubated with probes 
(0.1-1 µg/ml) at 70°C overnight for hybridization, followed by washing for four times (30 
minutes each) with wash solution (1XSSC, 50% formamide, 0.1% Tween-20) at 70°C. 
The slides were then transferred into MABT buffer (maleic acid buffer with 0.1% Tween-
20), 3 times, 30 minutes each, and blocked for 2 hours at room temperature in blocking 
solution [2% sheep serum, 2% block reagent (Roche) in MABT]. Next the sections were 
incubated with anti-dig antibody (Roche, 1:3000 dilution in blocking solution) at 4°C 
overnight, after which the slides were washed in MABT 4 to 5 times for 20 minutes each 
at room temperature. Finally, the sections were transferred into alkaline-phosphatase (AP) 
staining buffer (100mM NaCl, 50mM MgCl2, 100mM Tris, 0.1% Tween-20 pH 9.5), and 
NBT (262.5 µg/ml in AP buffer) and BCIP (130 µg/ml in AP buffer) were added and 
incubated with sections at room temperature till color developed (from 3 hours to 
overnight). The sections were then washed in PBST, water and dehydrated through a 
series of ethanol before finally mounted by cover slip with Permount (Fisher).  
 
2.6 Tissue collection and RNA isolation  
 
 
   Before the age of 1 week post fertilization (wpf) whole embryos were used for 
RNA isolation. During the 1-3 wpf periods the gonads would be still too small to be 
isolated, therefore cropped trunk regions containing the gonad were used for the analysis 
at those stages. For samples over 4 wpf, gonads were isolated from EGFP-positive and 
EGFP-negative individuals, respectively. RNAs of 3 wpf EGFP positive individuals were 
collected in two ways, from the isolated gonads of some individuals and from the body 
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trunk of other with similar EGFP intensity, in order to create a normalizing factor to link 
the gene expression levels in 0-3 wpf with those of over 4 wpf.   
From samples with a weight more than 100mg of (e.g. pooled embryos, larvae and 
adult organs) RNA was isolated by Trizol-based procedure (Invitrogen, Cat. #15596-026), 
whereas from small amounts of tissue (e.g. isolated gonads at 4 wpf) the RNeasy kit 
(Qiagen, Cat. #74104) was used. All RNA samples were treated by RNase-free DNase to 
remove possible genomic DNA contamination, and stored in -80°C.   
 
2.7   Cloning of zebrafish cyp11b full length cDNA  
 
     To isolate the cyp11b orthologs from zebrafish, we first used one rainbow trout 
cyp11b sequence (AF179894) as a query to search est_others by blastn in NCBI. The best 
hit was a 477 bp zebrafish EST (EB933597) which showed 85% identity with the query. 
Then we used this EST to search zebrafish genome database (Sanger Institute) and 
successfully found its genomic sequence (Zv5_NA4630). The predicted cDNA from this 
locus had 68% identity with full length of rainbow trout cyp11b. Rapid amplification of 
cDNA ends (RACE) was done with Ambion’s kit FirstChoice® RLM-RACE (Cat. # 
1700), with specific primers designed from the predicted cDNA (cyp11b 5’ RACE outer, 
cyp11b 5’ RACE inner, cyp11b 3’ RACE, cyp11b F, cyp11b R) (for sequence see Table 
1). All PCR products were cloned into pGEM®-T Easy Vectors (Cat. #A1360), and at 
least 12 colonies for each were sequenced for confirmation. Full length sequence was 
obtained by assembling these PCR fragments by Sequencher software (Gene Codes Corp, 
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Ann Arbor, MI, USA). Protein alignments were produced with ClustalX (Thompson et al., 
1997). 
 
2.8   Real-time PCR 
 
First strand cDNA was synthesized by SuperScript™ III Reverse Transcriptase 
(Invitrogen, Cat. #18064-071) using oligo(dT)20 as primer. Real-time PCR was 
performed using MyiQ Single-Color Real-Time PCR Detection System from Bio-Rad. 
The reaction (20 µl final volume) contains the following: 10 µl of iQ SYBR Green 
Supermix, 0.4 µl of each primer (10 µM), 2 µl of cDNA and water. Both forward and 
reverse primers were designed to span two exons in order to avoid amplification from 
genomic DNA, and size of PCR product is about 180 bp (cyp11b_RT_F & 
cyp11b_RT_R, cyp19a1a_RT_F & cyp19a1a_RT_R, amh_RT_F1 & amh_RT_R1, and 
β-actin_RT_F & β-actin_RT_R). To make a standard curve, a 10 times’ dilution series of 
plasmid containing the cDNA was analyzed by real-time PCR. From such a standard 
curve, the absolute copy number of transcript can be determined from a given value of 
Threshold cycles (CT). The relative transcript levels between different samples were 
normalized to the level of the generally used positive control of β-actin (bactin), although 
data published recently indicate that other genes might serve better for this purpose  





2.9     Detection of 11-Ketotestosterone by ELISA essay 
 
The levels of 11-KT were determined by ELISA using 11-Ketotestosterone (11-KT) 
EIA Kit (Cayman Chemical Cat. #582751). Three testes and three ovaries were isolated 
from the adult zebrafish, respectively, and then macerated in distilled water on ice. 
Macerated samples were centrifuged at 14,000 rpm for 2 minutes, and the supernatant 
was added together with rabbit 11-KT antiserum onto the plate wells which was pre-
coated with mouse monoclonal anti-rabbit IgG antibody. At the same time, an 11-KT 
tracer (11-KT-acetylcholinesterase conjugate) was also loaded into the wells, which 
would compete with 11-KT for a limited number of 11-KT-specific rabbit antiserum 
binding sites. The plate was covered with plastic film and incubated for 18 hours at 4oC. 
After washing to remove any unbound reagents, the substrate to acetylcholinesterase was 
added to the well to develop a distinct yellow color. The plate was developed in the dark 
for 60-90 minutes and read at a wavelength between 405 and 420nm. The intensity of this 
color is proportional to the amount of 11-KT tracer bound to the well, which is inversely 
proportional to the amount of free 11-KT from the samples or standards. The final results 
were normalized by the total protein measured by Bradford essay.  
 
2.10  Artificial sex reversal of zebrafish by Fadrozole treatment 
 
 
Fadrozole, an aromatase inhibitor, was purchased from Novartis Pharma AG, Basel 
(Switzerland). It was dissolved in ethanol to prepare a 2 mg/ml stock solution. One gram 
of powdered food (300R) was mixed with 0.5 ml Fadrozole solution in a 2 ml Ependorf 
tube. The food was then spun to dry in a vacuum centrifuge at room temperature. The 
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final concentration of Fadrozole in the powdered food was 1 mg/g. Individuals for 
treatment were selected from those at 28 dpf showing the strongest EGFP signal and 
being expected to develop into females under the natural conditions. Fish were fed only 
with the Fadrozole-containing food twice a day, and the EGFP signal was observed every 
two days.  
 
2.11 RNA amplification, labeling and hybridization with cDNA microarray 
 
 
RNA used for global transcriptome analysis was extracted from adult testis, adult 
ovary, 35 dpf normal ovary and 35dpf “juvenile ovary-to-testis” transforming gonad (OT), 
respectively (3 biological replicates for each gonad type). The amount of total RNA 
isolated from the 35 dpf gonad is only about 200 ng, far below the minimul amount 5 µg 
required for dye coupling. Thus, RNA was amplified using the Amino Allyl 
MessageAmpTM II aRNA Amplification Kit (Ambion, Cat # 1753) according to its 
instruction manual. First strand cDNA was first synthesized by reverse transcriptase with 
Oligo(dT) primer bearing T7 promoter, then second strand was synthesized by DNA 
polymerase using the first strand as a template. From the double strand cDNA, large 
amounts of aminoallyl labeled antisense RNA was transcribed by T7 RNA polymerase 
using NTP including aminoallyl-UTP. RNA from adult testis and adult ovary was 
amplified by one round, and that from 35 dpf gonad was amplified by two rounds due to 
the limit of starting amount. The aminoallyl-RNA was finally coupled with Invitrogen 
Alexa Fluor 555 (Cat #32756) or Alexa Fluor 647 (Cat #32757).  
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      The cDNA microarray printed in our laboratory contains over 6 thousand uniclones 
isolated only from zebrafish gonad. Among them, 3,781 clones are from adult ovaries and 
testes and 2,589 clones are from 3-5wpf differentiating gonads. All these clones were 
printed in duplicate on the slides. The array also contains 13 house keeping genes as 
positive controls, and some genes from Arabidopsis, viruses and fungi as negative 
controls. Spikes (Ambion) are also included for data analysis. 
Hybridization of cDNA microarray with the Alexa Fluor 555- and 647- labeled RNA 
was performed according to Sreenivasan et al. (2007). The slides was first denatured at 
100°C on hotplate, and then blocked in the following solution: 1.2g succinic anhydride, 
240 ml anhydrous 1,2-dichloroethane, and 3 ml 1-methylimidazole. The labeled RNAs 
were then dissolved in Micromax hybridization buffer (Perkin Elmer), and incubated with 
the microarray at 65°C overnight. After hybridization, the slides were washed in 2X SSC, 
0.1% SDS for 2 min, 1X SSC for 3 min and 0.2X SSC for 3 min. The slides were finally 
blow-dried and scanned by ScanArray Express Microarray Scanner (Perkin Elmer). Data 
was analyzed using GeneSpring GX 7.3 software (Agilent).  
 
2.12  Transgene constructs 
2.12.1 amh:tdtomato, cyp11b:tdtomato and ankmy:tdTomato 
 
 
Construct containing a novel red fluorescence gene – tdTomato, a derivative of dsRed 
created by random mutagenesis (Shaner et al., 2004), was a kind gift from Roger Y 
Tsien’s lab. The tdTomato was amplified by PCR using primers 
tdTomato_F_BamHI   and tdTomato_R_XbaI, and cloned into pEGFP-1 with BamHI and 
XbaI. The promoters of amh (3.8 kb), cyp11b (2.4kb) and ankmy (1.6kb) were amplified 
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from zebrafish genomic DNA with their respective primers (amh_Pro_F _SalI & 
amh_Pro_R_BamHI, cyp11b_Pro_F_EcoRI & cyp11b_Pro_R_BamHI, and 
ank_mynd_Pro_F_EcoRI & ank_mynd_Pro_R_BamHI), and cloned into the previous 
vector.  I-SceI meganuclease has been shown easier to mediate highly efficient 
transgenesis in fish (Thermes et al., 2002). To flank the transgene with I-SceI 
meganuclease recognition sites, primers linked to the I-SceI recognition sequence 
(pEGFP1_F_IsceI and pEGFP1_R_IsceI) were used to PCR amply the transgene from 
the above construct. The PCR product was then cloned into pGEM-T easy vector, and co-
injected with I-SceI enzyme into the one cell stage embryos for creating transgenic 
zebrafish. 
 
2.12.2 hsp70:amh  
 
 
Zebrafish hsp70 promoter (1.5kb) was amplified from genomic DNA by PCR with 
primer Hsp70_F_SalI and Hsp70_R_KpnI (see table 1 for primer sequences). It was then 
cloned into pTol2EGFP vector (from Sampath’s lab, TLL) between SalI and KpnI sites. 
The open reading frame (ORF) of amh (1.6Kb) was amplified from testis-derived cDNA 
with amh_ORF_F_KpnI and amh_ORF_R_XbaI, and cloned into the above pEGFP-
1+hsp70 vector with KpnI and XbaI enzyme.  
Since no transgenic lines were obtained with the above constructs containing Tol2 
transponson, the DNA fragment containg hsp70:amh (with sv40) was later also amplified 
(ca. 3.3kb) by PCR with primers linked to I-SceI meganuclease recognition sequence 
(pTol2EGFP_F_IsceI and pTol2EGFP_R_IsceI). The PCR product was then cloned into 
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pEGM-T easy vector for microinjection together with I-SceI meganuclease, to generate 
transgenic lines. 
 
2.12.3 cyp19a1a:amh and β-actin1:amh 
 
 
ORF of amh (1.5kb) was amplified from testis cDNA by PCR with primers 
(amh_ORF_F_Xmal and amh_ORF_R_XbaI), and cloned into another transposon 
containing vector - pMDS6_EGFP1 (Emelyanov et al., 2006) with XmaI and XbaI 
enzyme, EGFP replaced by amh.  The promoters of cyp19a1a (3.4kb) and β-actin1 
(3.2kb) were amplified from genomic DNA with primers cyp19a1a_Pro_F_NdeI & 
cyp19a1a_Pro_R_Xmal and β-actin1_Pro_F_NdeI & β-actin1_Pro_R_XmaI, 
respectively. These two promoters were then inserted between NdeI and XmaI sites of the 
above plasmid, respectively. After sequencing the constructs were co-injected with 












Chapter 3    Results 
 
3.1 Germ cell morphology during gametogenesis in zebrafish 
 
 
The morphology of germ cells is very useful for identifying the sex and stages of 
gonadal development, especially during the early stage of sexual differentiation, because 
the somatic cells (Sertoli and Leydig cells in the testis, and granulosa and theca cells in 
the ovary) do not have obvious differences in morphology. The gonad produces mature 
gametes – eggs or spermatozoa via two different pathways: oogenesis (Fig. 2) or 
spermatogenesis (Fig. 3). Oogenesis initiated from oogonia (Fig. 2A), whereas 
spermatogenesis started from spermatogonia (Fig. 3A). There were no obvious 
morphological differences in size or color between these two kinds of gonocytes after 
staining with hematoxylin and eosin. They were both large in size (about 10μm) with 
high ratio of nucleus/cytoplasm. Their nuclear membrane and nucleolus were acidophilic 
and stained red. The cytoplasm which occupied only a small part of the cellular volume, 
was weakly acidophilic. Before meiosis, both the spermatogonium and oogonium 
continued to proliferate into several clusters of cells, the size of which was often smaller 
than the isolated non-proliferating one (Fig. 2B; Fig. 3B-C).  
Oogenesis started when some cells enlarged (over 10 µm) and entered the leptotene 
stage (Fig. 2C). During this stage chromosomes condensed from interphase conformation 
to produce thin thread-like structure and two ends of each chromosome attached to the 
nuclear envelope. At zygotene stage (Fig. 2D), the chromosomes assembled at one pole 
of the nucleus, opposite to the nucleolus located at the other pole. When it came to 
pachytene stage (Fig. 2E), the chromosomes thickened; the size of the oocyte reached 20 
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μm, and more nucleoli appeared in the nucleus. At diplotene stage (Fig. 2F), the volume 
of cytoplasm was clearly enlarged and became basophilic. Many nucleoli were 
distributed along the nuclear membrane, so oocytes of this stage are usually called 
perinucleolar oocytes. All oocytes before perinucleolar stage are named stage I oocytes 
according to Selman et al. (1993). They were usually found after 2 weeks post 
fertilization (wpf) when ovaries are starting to differentiate in this study. As the oocytes 
differentiated further (after 6 wpf), cortical alveoli could be observed within the 
cytoplasm, and they were named as staged II oocytes. Stage III oocytes were those that 
were accumulating vitellogenin among the cortical alveoli, and they usually appeared 
after 8 wpf (Fig. 2G). Vitellogenin was later processed into yolk proteins that 
accumulated within membrane-limited yolk bodies. The oocytes underwent maturity at 
stage IV in the adult zebrafish, when the first meiotic division occurred and the 
chromosomes arrested at the second meiotic metaphase. In morphology, the yolk bodies 
lost their crystalline main bodies and developed a homogenous interior (Fig. 2H). The 
oocytes finally matured at stage V (egg), ovulated and were ready for fertilization (data 
not shown). 
Spermatogenesis could be identified by the appearance of primary spermatocyte 
whose nucleus was stained to bright blue by hematoxylin (Fig. 3D). The size of primary 
spermatocytes was about half of that of the spermatogonia, and their presence indicated 
that testis had already differentiated, which usually occurred in the male gonad after 4 
wpf. Each primary spermatocyte divided into 2 secondary spermatocytes (Fig. 3E) after 
meiosis I, and into 4 spermatids (Fig. 3F) after meiosis II. In the end, spermatids 
differentiated into mature spermatozoa (Fig. 3G). Compared with oocytes which  
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increased in size from about 10 to over 700 μm during oogenesis, spermatocytes 





Figure 2. Stages of oocytes during oogenesis. A) oogonium. Red arrow indicates 
nucleolus. B) proliferating oogonium. C) leptotene stage oocyte. The thin thread-like 
structure is chromosome. D) zygotene stage oocyte. E) pachytene stage oocyte. F) 
perinucleolar oocyte at diplotene stage. G) 8 weeks ovary. Stage I, perinucleolar oocyte; 
Stage II, cortical alveolus stage oocyte; Stage III, vitellogenic stage oocyte. H), adult 




Figure 3. Stages of spermatocytes during spermatogenesis. A) spermatogonium. B) early 
spermatogonium. C) late spermatogonium. D) primary spermatocyte. E) secondary 







3.2 Sexually dimorphic expression of vas::egfp transgene  
 
 
 It was shown earlier that the vas::egfp transgene was strongly expressed in the   
gonad of females, but only weakly in males (Krovel and Olsen, 2004). According to our 
observation however, this difference was much more pronounced when viewed under a 
dissecting fluorescence microscope. While adult females indeed exhibited very strong 
expression, males showed no visually observable fluorescence in vivo (i.e. through the 
body wall of live individuals) (Fig. 4A&B). 
  Immunohistochemical analysis showed that in the adult ovary EGFP was expressed 
in both the oogonia and oocytes. The level of EGFP-derived fluorescence was much 
stronger in the perinucleolar oocytes (stage I) than in the oogonia (Fig. 4C&E). As the 
oocytes were developing further into cortical alveolus stage (stage II) and vitellogenic 
stage (stage III), the EGFP signal intensity was reduced presumably due to the increasing 
cellular volume (Fig. 4C&E). In the testis, the level of EGFP fluorescence was the 
highest in the spermatogonia and it gradually decreased as spermatogenesis progressed. 
While some signal could still be observed in primary and secondary spermatocytes, it was 













Figure 4. Sexually dimorphic expression of vas::egfp in zebrafish gonads. A) Female 
with strong EGFP in the ovary (white arrow). B) Male with no EGFP observable in the 
testis (white arrow). Immunohistochemical analysis showed that EGFP was highly 
accumulated during oogenesis in the ovaries (C&E), but was diminished during 
spermatogenesis in the testis (D&F). C&D) Brown colour was from DAB staining; E&F) 
Fluorescence was from Alexa Fluor 488-labelled secondary antibody. og, oogonia; ca, 
cortical alveolus (stage II) oocyte; vi, vitellogenic stage (stage III) oocyte; sg, 






3.3 The zygotic EGFP expression marked the onset of ovary differentiation  
 
 
       Zygotic vas::egfp started to be expressed in the majority of the individuals between 
16-24 days post fertilization (dpf). In order to study the correlation between the structure 
of gonad and the appearing EGFP-based signal, ten non-expressing (14 dpf; Fig. 5A) and 
ten EGFP-expressing (16 dpf; Fig. 5B) juveniles were sectioned for histological analysis 
with hematoxylin and eosin staining. Sections from all non-expressing individuals 
showed the presence of a morphologically undifferentiated gonad (Fig. 5C), whereas all 
the EGFP-expressing gonads contained a few perinucleolar (stage I) oocytes (Fig. 5D). 
Thus, EGFP levels produced from the transgene became detectable in vivo when 
gonocytes started to differentiate into perinucleolar oocytes. 
 
 
Figure 5. The onset of EGFP expression during juvenile development marked the 
differentiation of juvenile ovary. Zygotic EGFP was undetectable at 14 dpf (A), but 
became obvious at 16 dpf (B). Histological analysis showed that the gonad of 14 dpf 
individuals is an undifferentiated organ with only somatic cells and gonocytes (go; C), 
whereas the gonad of 16 dpf individuals showed the picture of an early juvenile ovary 
containing perinucleolar oocytes (po) with their supportive cell layers (D).  
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3.4 The decrease of EGFP signals coincided with “juvenile ovary-to-testis” 
transformation 
 
During development some individuals showed strong peak of EGFP fluorescence, 
followed by gradual decrease and disappearance of the signal (Fig. 6A-C). All of these 
individuals eventually developed into males. To study whether this decrease of EGFP 
signals corresponded to the “juvenile ovary-to-testis” transformation process, the gonads 
of these individuals (n=50) were sectioned and analyzed by histology. All of the sections 
studied showed the presence of degenerating perinucleolar oocytes (for a typical example 
see Fig. 6D). In most cases cavities could also be observed within these gonads (Fig. 6D), 
presumably demarcating the former position of degenerated oocytes. During gonadal 
transformation some oocytes may survive for some time, leading to a transient intersex 
gonad with parallel presence of both oocytes and spermatocytes (see Fig. 6E for an 
example). 
 
3.5 The onset, duration and extent of “juvenile ovary” development in zebrafish males 
showed high individual variation  
 
During gonadal transformation the intensity of EGFP varied vastly among individuals 
from a few fluorescent cells to a whole fluorescing gonad, which prompted us to perform 
a detailed analysis. Over five hundred hemizygous transgenic individuals were generated 
and observed from fertilization to adulthood (see Materials and Methods). All individuals 









Figure 6. The decrease of EGFP coincided with “juvenile ovary-to-testis” transformation 
during male development. A) An individual with strong EGFP in the gonad (arrow) at 
28dpf. B) EGFP is obviously reduced at 33dpf, and finally disappeared at 35dpf (C). By 
histology, all individuals with decreasing EGFP (like B) were found to have a “juvenile 
ovary” transforming into a testis (D&E), which is characterized by degenerating oocytes 
(do) and cavities (cv). The arrowhead on Panel D also shows a cluster of germ cells 
enclosed in an area, which might have been left behind by an oocyte. In some cases (E), 
an intersex gonad (ovotestis) could be found with both degenerating oocytes and newly 








period and beyond turned out to be females (Fig.7). Sixty-four individuals, which were 
originally assigned to the strongly expressing group, started to show decreasing EGFP 
signals after a few days. Eventually all the expression disappeared by 42 dpf. These 
males were named “type III” males (26% of all males). Weakly expressing individuals, 
which had never been assigned to a strongly expressing group, also lost fluorescence by 
42 dpf and developed into males (“type II”; 32%). The rest of the males (“type I”, 42%) 
had never shown any detectable EGFP expression in their gonads during whole 
development. 
 
Figure 7. The expression pattern of vas::egfp during development in both sexes detected 
by fluorescence microscope. The zygotic vas::egfp started to be highly expressed after 16 
dpf. In all females, the level of fluorescence was consistently increasing following the 
onset of EGFP expression. Males showed very different expression profiles among 
individuals: type III males (12.3%) had bright fluorescence that was nearly comparable 
with the females of the same stage before transformation, and later gradually disappeared 
after a period of expression; type II males (15.4%) had relatively weak expression for the 
whole period of “juvenile ovary” stage; the expression in type I males (20%) was too low 
to be detected through the body wall. Note that in the males EGFP signal also varied in 




Subsequent histological analysis from another batch of fish showed that all ovaries 
(n=30) at 4-5 wpf (Fig. 8A&C) developed a similar structure. Their gonads were full of 
oocytes (stages I-II) and the cross-section exhibited an elongated oval shape, with two 
distal ends attached to the body wall and swim bladder forming a pronounced ovarian 
lumen (Fig. 8B&D). The gonads of “type III” males (Fig. 8E&G) showed that they 
initially developed a typical ovarian structure, similar to those of the females, except that 
the size was often considerably smaller (Fig. 8F). After the transformation, the newly 
formed testis still maintained this oval shape and lumen but it was filled with 
spermatocytes instead of oocytes (Fig. 8H). In “type II” males (Fig. 8I&K) the gonad had 
only partially developed ovary structure in terms of lumen and shape. The number of 
oocytes was also much less than those in “type III” males (Fig. 8J). Similarly to “type III” 
male transformation, the testis of “type II” males also retained its former ovarian features 
to some extent after for the differentiation of spermatocytes (Fig. 8L). The EGFP 
expression in gonads of “type I” males was too low to be detected “in vivo” (i.e. through 
the body wall) (Fig.8 M&O). However, when their gonads were isolated a few 
fluorescent spots could be observed (data not shown), indicating the presence of oocytes. 
Histological analysis confirmed that these “type I” gonads indeed contained one or two 
oocytes in at least one section, but neither the ovarian lumen nor the elongated shape had 










Figure 8. Histological studies of developing females and transformation process of three 
types of males. Females showed strong fluorescence in their ovary at 28 dpf (A) and 35 
dpf (C). Cross sections of the ovaries showed three main features: full of oocytes, 
elongated oval shape and pronounced ovarian lumen (ol) (B&D). “Type II and III” males 
collected at 28 and 35 dpf started to show decreasing EGFP levels after 26 dpf. “Type 
III” males had relatively strong fluorescence (E), and developed a typical ovary structure 
(F) before gonadal transformation. After transformation, EGFP signals could not be 
detected anymore (G) and the newly formed testis still maintained an oval shape and 
ovarian lumen (H). “Type II” males had weak fluorescence (I) and partially developed 
ovary structure (J) before it transformed into a testis (K&L). EGFP fluorescence could 
never be observed in type I males (M&O), but a few degenerating oocytes (do) were 
found by histology (N). The cross section of these male gonads showed a relatively round 









3.6 Establishing transgenic lines with testis-specific marker 
 
 
As shown above, the EGFP-derived fluorescence from vas::egfp transgenic line is a 
good marker for observing ovarian differentiation and later stage of male gonad 
transformation, especially in type II & III males. However, it is not capable of indicating 
the early differentiation of testicular cells, such as spermatocytes, Sertoli cells and Leydig 
cells. Thus, another transgenic reporter gene with testis-specific expression would be 
needed to complement    the signal produced by the vas::egfp transgene. For this purpose, 
promoters were chosen from three testis-specific or enhanced genes (cyp11b, ankmy and 
amh), and fused to a red fluorescence protein gene tdTomato (Shaner et al., 2004). 
 
3.6.1 Expression of amh:tdTomato and bioinformatic analysis of amh promoter 
 
Zebrafish amh has been shown to be highly expressed in Sertoli cells from the early 
differentiation of testis (Rodriguez-Mari et al., 2005). Its transcript could also be detected 
from granulosa cells around stage II oocytes. However, the overall expression level in 
testis was about one thousand times higher than that in ovary (Figure. 15). A 3.8 kb DNA 
fragment upstream of ATG start codon was amplified, and fused to the red fluorescence 
protein gene tdTomato, to generate a transgene construct (amh:tdTomato). With this 
transgene, the early differentiation of testis or Sertoli cells was expected to be observable 
by fluorescence microscope. This construct was injected into one cell stage zebrafish 
embryos to generate transgenic founders. Three transgenic lines were found after 
screening about 40 pairs of injected individuals, and one of them has been found to be 
expressing tdTomato successfully. As shown in Fig. 9, the red fluorescence could be 
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clearly observed from the Sertoli cells which form a ring encompassing a cluster of germ 
cell. However, the expression level of tdTomato was too low to be observed from outside 
the body, and only visible when the isolated testis was checked (Fig. 9 A&B). When 
testis was fixed overnight and subsequently stained by ToPro-3 iodine for 5 hours, the 





Figure 9. Expression of amh:tdTomato in Sertoli cells. A) Freshly isolated testis under 
normal light. B) The same testis as panel A, showing red fluorescence rings (white arrow) 
encompassing clusters of spermatocytes. C) Testis scanning picture by confocal 
microscope after staining with ToPro-3 iodide (nucleus dye, blue in colour), showing 
tdTomato specifically localized to Sertoli cells. Note that red fluorescence disappeared 
from some Sertoli cells (green arrow) after 2 days of tissue processing. 
 
 
To find putative transcription factor binding sites of amh promoter, the bioinformatic 
software MatInspector 7.4 from Genomatix (Cartharius et al., 2005) was used. A TATA 
box element was found at -72 to -56 bp from ATG, and other transcription factor binding 
sites detected earlier in mammalian AMH could be found from zebrafish amh as well. Sry 
binding sites were located at -397 to -381 bp; Sox9 at -229 to -245 bp and -3360 to -3344 
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bp; Sf1 at -1272 to -1260 bp, and GATA at -204 to -216 bp, -285 to -273 bp, -880 to -868 
bp, -1078 to -1066 bp, -1944 to -1922 bp and -2204 to -2192 bp. There were also two 
androgen receptor binding sites (-2419 to -2401 bp and -3380 to -3362 bp), three estrogen 
receptor binding sites (-2930 to -2912 bp, -3000 to -2982 bp and -3403 to -3385 bp). 
 
3.6.2 Molecular cloning and characterization of cyp11b and creation of  
cyp11b:tdTomato transgenic line  
 
The predominant teleost androgen-11 KT synthesizing gene cyp11b (11β-hydroxylase) 
has been found to be specifically expressed in the testicular Leydig cells and head kidney 
inter-renal cells in rainbow trout (Kusakabe et al., 2002). If this expression pattern is also 
true for zebrafish, the cyp11b promoter would have potential application for creating 
another transgenic line, driving tdTomato being expressed in the Leydig cell. In order to 
achieve this goal, the molecular cloning and characterization of zebrafish cyp11b became 
necessary. 
 
3.6.2.1 Zebrafish Cyp11b enzyme showed well conserved motifs when compared to other 
teleost orthologs 
 
     By RACE, the full length cDNA of zebrafish cyp11b (1,992 bp, DQ650710) was 
successfully cloned. It encoded 519 amino acids. When BLAST-ed against the zebrafish 
assembly featured on Ensembl (Zv6) the results revealed that cyp11b was located on 








Figure 10. The structure of the genomic locus of zebrafish cyp11b (A) and its protein 
alignment with orthologs from other teleost (B). Structures indicated by boxes:  (1) 
steroid binding site; (2) oxygen binding site; (3) heme/steroid binding site; and (4) heme 
binding site (Kusakabe et al., 2002). Genbank accession number: rainbowtrout1, 
AF179894; rainbowtrout2, AF217273; medaka, AB105880; zebrafish, DQ650710; 




predicted protein sequence of zebrafish Cyp11b shared 74.9% similarities with that of the 
medaka ortholog(Yokota et al., 2005), 76.0% with one rainbow trout ortholog Cyp11b1 
(Kusakabe et al., 2002), 76.2% with the other rainbow trout ortholog  Cyp11b2 (Liu et al., 
2000), and 76.8% with the ortholog from Japanese eel (Jiang et al., 1996b) (Fig. 1B). All 
four conserved motifs identified earlier [binding sites for steroids, oxygen, heme/steroid 
and heme; (Kusakabe et al., 2002)] were clearly preserved in the zebrafish ortholog as 
well (Fig. 10B).   
 
 
3.6.2.2  cyp11b mRNA was localized to Leydig cells in the adult testis and its level was 
four magnitudes higher than that in the ovary 
 
      The mRNA of cyp11b could be detected in all the adult organs tested by real-time 
PCR (Fig. 11A). However, the transcript level was at least two magnitudes higher in the 
testis than in any other tissue; when compared to the ovarian level a difference of nearly 
four magnitudes was recorded. Accordingly, the level of 11-KT was about 200 times 













Figure 11. Analysis of the expression of cyp11b and the level of its product in the organs 
of adult zebrafish. (A) Normalized transcript levels of cyp11b in ten different organs of 
adult zebrafish as determined by RT-PCR. (B) The level of 11-KT, the main product of 




When the adult testis was analyzed by in situ hybridization cyp11b mRNA was 
clearly detected in presumptive Leydig cells which usually organized into small clusters 
of 3-6 cells located among the large clusters of germ cells (Fig. 12A). Big clusters of 
presumptive Leydig cells could also be observed, usually on the edge of testis sections 
(Fig. 12B). cyp11b mRNA could not be detected from germ cells and presumptive Sertoli 
cells (Fig. 12A-B).  In zebrafish testis, germ cells exist in clusters, within which all the 
cells developed synchronously from spermatogonia to spermatocytes and sperm cells (Fig. 
12D). Sertoli and Leydig cells were located among larger clusters of germ cells. Sertoli 
cells showed irregularly shaped nuclei, and usually stayed solitary along the membrane of 








Figure 12. Analysis of cyp11b expression in the adult gonads by in situ hybridization. A) 
The expression of cyp11b is restricted to presumptive Leydig cells usually found in small 
clusters among big clusters of spermatocytes. B) Large clusters of presumptive Leydig 
cells could be found on the edge of the testis. C) cyp11b could not be detected in the 
ovary. D) Sense probe hybridization on adult testis, showing no non-specific binding. E) 
and F) Hematoxylin and eosin staining of adult testis and ovary. Black arrow head – 
presumptive Leydig cells; black arrow – presumptive Sertoli cells; sc - spermatocytes; sp 
– spermatid. I, II and III, - stages of oocyte; white arrow - the position of granulosa cells 
and theca cells. 
 
 
3.6.2.3  cyp11b:tdTomato failed to show any fluorescence 
 
A 2.4 kb DNA fragment was isolated from the region upstream of start codon ATG, 
and fused to tdTomato. The plasmid containing cyp11b:tdTomato was injected into one 
cell stage embryos using I-SceI – medidated technique, so as to create transgenic 
zebrafish. Three stable transgenic lines were found to contain and inherit the transgene 
after screening the embryos from about 30 pair individuals by PCR; however none of 
them expressed tdTomato at any stage of testis development. The lack of expression from 
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the trangene may be due to the inadequate length of the isolated promoter region that is 
not sufficient to initiate gene transcription. Some enhancers can be located within the 
intron region of the gene, or even on the 3 prime untranslated regions (3’UTR). If this is 
the case, the tdTomato reporter gene should be inserted after one coding exon of the 
whole cyp11b genomic locus to be expressed as a fusion protein, so as to include all 
possible transcription-regulating elements. The integration of transgene into 
heterochromatin region may also leads to silencing. More transgenic lines should be 
screened in the future to test these scenarios extensively. 
 
3.6.3  ankmy:tdTomato also failed to be expressed in the testis 
 
 
Zebrafish ankmy was found by blasting zebrafish genome using a novel human 
Testis-specific ankyrin-like protein 1 (Q9P2S6) as a query. Full length zebrafish ankmy 
cDNA, obtained by RACE, has 3321 nucleotides, encoding 994 amino acids. It shared 
51.6% similarities with the human ortholog in the protein sequence. By Pfam HMM 
search, the zebrafish Ankmy protein was found to contain 5 MORN (Membrane 
Occupation and Recognition Nexus) repeats, 6 ankyrin repeats, and one MYND zinc 
finger domain (Fig. 13A). ankmy showed high expression in the testis, but not in the  
ovary by RT-PCR (Fig. 13B). Its transcript was specifically localized in the 





Figure 13. Cloning and characterization of ankmy gene. A) Zebrafish Ankmy protein 
contains 5 MORN (Membrane Occupation and Recognition Nexus) repeats, 6 ankyrin 
repeats, and one MYND zinc finger domain. B) RT-PCR analysis showed that ankmy 
was highly expressed in the adult testis, not in the ovary. It also has weekly detectable 
expression in the brain. C) The transcript of ankmy was found to be localized in the 
spermatocytes (sc), absent from spermatids (sp), Sertoli cells or Leydig cells in the adult 
testis studied by in situ hybridization. 
 
 
To isolate the ankmy promoter, a 1.6 kb DNA upstream of ATG was amplified by 
PCR from zebrafish genomic DNA. With this promoter driving tdTomato 
(ankmy:tdTomato), the early differentiation of spermatocytes was expected to be 
observable during “juvenile ovary-to-testis” transformation. Three transgenic lines were 
found after screening about 30 pair individuals by PCR in this study; however, none of 
them showed any fluorescence at any stage of gonad development. 
 
3.7 Inhibition of aromatase led to “ovary-to-testis” transformation in females 
 
Before this study, there were no reports in the literature on the molecular mechanism 
of “juvenile ovary-to-testis” transformation during male development. However, some 
toxicological studies had provided some clues that P450 aromatase, the estradiol hormone 
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synthesizing enzyme, was important for the proper development of ovaries. Inhibition of 
zebrafish aromatase (cyp19a1; Fig. 1) by Fadrozole (an inhibitor initially developed for 
the treatment of human breast cancer) led to male-biased or all male population probably 
via transformation of female ovaries to testes (Fenske and Segner, 2004; Uchida et al., 
2004). In order to determine whether the morphology of induced “ovary-to-testis” 
transformation in female was similar with the natural gonad transformation in male (Fig. 
6), the experiment of Fadrozole treatment was repeated on vas::egfp transgenic line. 
According to our experience (based on over 50 individuals), all individuals with 
strong gonadal EGFP signal at 28 dpf (like the one shown in Fig. 14A) developed into 
females under the natural conditions, suggesting females can be selected for experiments 
at this stage with a high success rate. When the 28 dpf females were fed with powdered 
food containing the aromatase inhibitor Fadrozole (0.5mg/g food or 1.5mg/g food), 70% 
(n=24) of them lost gonadal EGFP expression after three weeks. The decrease of EGFP 
signal in the gonad could be observed after 1 week of treatment in some individuals (Fig. 
14B). Histological studies showed these individuals were in “ovary-to-testis” 
transformation (Fig. 14C&D). Similarly with the natural gonad transformation in male 
gonads (Fig. 6), degenerating oocytes and differentiating spermatocytes could also be 
found during this process. These transformed males (from treated females) had functional 
testes after sexual maturity. Two males had been crossed with normal adult females, 








Figure 14. Induced “ovary-to-testis” transformation in zebrafish females by Fadrozole. A) 
4 wpf non-treated female with strong EGFP in the ovary. B) 6 wpf female being treated 
by Fadrozole from 4 wpf on showed obvious decrease of EGFP. C and D) Sections from 
individuals like B.  Panel C shows a transforming ovary featured by degenerate oocytes 
(do), cavities (cv), and new cluster of germ cells (arrow head). D shows an ovotestis, 
where the spermatocytes are already differentiated before complete degeneration of 
oocytes. I&II, stages of oocytes; sp, spermatid; sc, spermatocyte. 
 
 
3.8 Sexually dimorphic expression of amh, cyp11b and cyp19a1a during gonad 
development 
     The expression levels of amh, cyp19a1a and cyp11b during gonad differentiation were 
tested in zebrafish individuals transgenic to vas::egfp transgene. Quantitative analysis 
performed by real-time PCR has shown that the transcript levels of all three genes 
observed in zygotes have decreased drastically by the end of the first day of 
embryogenesis (Fig. 15). During the 1-3 wpf period cyp19a1a became up-regulated, 
whereas amh and cyp11b became slightly down-regulated in all individuals tested, 
57 
 
independently of their EGFP expression. At 3 wpf, dimorphic expression between EGFP-
positive and EGFP-negative individuals could be observed for all these three genes, 
cyp19a1a being higher in the former, and amh and cyp11b higher in the latter. At 4 wpf 
the transcript levels of amh and cyp11b were over 300 and 600 times higher in the testis 
than in ovary, respectively. In contrast, the level of cyp19a1a transcript was over a 
magnitude higher in the ovary than in the testes. Besides, both amh and cyp11b showed a 
sudden increase of expression in the testis after 3 wpf, however, cyp19a1a showed a 
decrease in the ovary.  
 
 
Figure 15. The comparative analysis of expression levels of amh, cyp19a1a and cyp11b 
during zebrafish development. – – 0-2 wpf individuals; --●--, 3 wpf EGFP-negative 
individuals; –▲–, 3 wpf EGFP-positive individuals; --O--, testes (4wpf - adult) from 
EGFP negative individuals;  –Δ– ovaries (4wpf - adult) from EGFP-positive individuals. 
For each data point, total RNAs from at least three individuals were pooled. RNAs of 0-3 
dpf were collected from whole embryos, those of 1-3 wpf from body trunk containing 
gonads, and those of 3 wpf onwards from isolated gonads. Data points located to the left 
of the parallel lines are from pooled embryos.  Data from body trunks have been 
normalized with an experimental factor obtained by dividing the gene expression level in 
isolated gonads by the expression level in body trunk from the same set of EGFP-positive 




3.9 cyp19a1a was down-regulated, while amh and cyp11b were both up-regulated 
during “juvenile ovary-to-testis” transformation  
 
With the aid of the vas::egfp transgenic line we selected some individuals with 
continuously increasing EGFP-derived fluorescence in their gonads (4 wpf; Fig. 16A)  
and others exhibiting decreasing EGFP levels, the hallmark of transforming gonads (5 
wpf; Fig. 16B). The former were shown earlier to develop “normal” (i.e. non-
transforming) ovaries, whereas the latter were undergoing “ovary-to-testis” 
transformation. In the normal ovaries with increasing EGFP fluorescence cyp19a1a was 
expressed in the somatic cells (presumptive granulosa cells) surrounding the healthy 
oocytes (Fig. 16C), but could not be detected anywhere in the transforming gonads with 
decreasing EGFP (Fig. 16D). In contrast, the amh transcript could not be detected in 
‘normal’ ovaries (Fig. 16E), instead, it was highly expressed in cells (presumptive Sertoli 
cells) surrounding the degenerating oocytes in the transforming gonads (Fig. 16F). The 
expression of amh persisted in the transforming gonads around the cavities (Fig. 16F star) 
from which the oocytes appeared to be completely eliminated presumably by apoptosis 
(Uchida et al., 2002). cyp11b was also only expressed in the transforming gonads, but its 
transcript was usually localized to the margins of the transforming gonad, without 
showing any relationship to the position of degenerating oocytes (Fig. 16G&H). Also, 
based on the observed signal intensities on the sections, the expression level of cyp11b 








Figure 16.  Expression pattern of cyp19a1a, amh and cyp11b in the ‘normal’ ovaries and 
transforming ovaries. Panel A shows a 4 wpf individual with ‘normal’ ovary indicated by 
continuous accumulation of EGFP for a week. Panel B shows a 5 wpf individual with 
transforming ovary indicated by continuous decrease of EGFP during the last week. 
cyp19a1a was expressed in the presumptive granulosa cells surrounding the normal 
oocytes (C), but not in the transforming ovary (D). amh initially could not be detected in 
the normal ovary (E), but became highly expressed in the cells surrounding the 
degenerating oocytes (F), and remained so even after the complete degeneration of 
oocytes (F, red arrow). Similarly to amh, cyp11b was also expressed during gonad 
transformation (G and H). However, it was usually expressed on the edge of the gonad 
(black arrows, H), without obvious correlation with the position of degenerating oocytes 




3.10  amh expression preceded that of cyp11b during gonad transformation 
 
Individuals at the beginning (early stages; Fig. 17A) and in the middle (Fig. 17E) of 
their gonadal transformation were also selected for studying the developmental 
expression pattern of amh and cyp11b during the testis differentiation process. At the 
early stages, the expression of amh was not uniform across the whole gonad. It could not 
be detected in those regions that were still full of oocytes (Fig. 17B), but it was clearly 
expressed in regions containing few or no oocytes (Fig. 17C). In contrast, cyp11b could 
not be detected anywhere in such kinds of gonads (Fig. 17D, adjacent section to that 
shown on Fig. 17C). As the transformation process progressed further, amh could be 
detected in all sections of the gonads (Fig. 17F&G). It was often found in cells 
surrounding a cluster of germ cells, and cells beside degenerating oocytes. At the same 
time, cyp11b mRNA appeared gradually, first on the edge of the gonad and later also 
inside the gonad, presumably in the Leydig cells (Fig. 17H, adjacent region to that of 
17G). 
 
      The down-regulation of cyp19a1a and sequential up-regulation of first amh and then 
cyp11b during gonadal transformation as observed above by in situ hybridization were 
also confirmed by the real-time PCR data (Fig. 18). In a normal ovary at 28 dpf cyp19a1a 
was highly expressed, while both amh and cyp11b showed very low expression levels, as 
also shown in Fig. 13. However, all six specimens (32-35 dpf) found in gonad 
transformation showed dramatic down-regulation of cyp19a1a and up-regulation of amh 






Figure 17. amh was expressed earlier than cyp11b during gonadal transformation 
revealed by in situ hybridization. A) An individual at the early stage of transformation 
(35 dpf) showing decreasing EGFP level in the gonad compared to the previous day. E) 
An individual in the middle of the gonad transformation process (35 dpf). In the early 
transforming gonads amh could not be detected in the gonadal regions full of oocytes (B), 
but became detectable when the number of oocytes decreased (C). At the same time, 
cyp11b could not be detected anywhere during that time period (D). In the gonads at 
advanced stages of transformation amh was expressed in most regions analyzed (F&G), 
whereas cyp11b only started to be expressed in some regions (H). amh transcript was 
localized to the somatic cells surrounding new germ cells (likely spermatogonia; black 
arrow) or close to the degenerating oocytes (red arrow). cyp11b was expressed first on 
the edge of the gonads (H), then later also within the gonads (not shown).  Notes: sections 




that of cyp19a1a, the higher the level of the former two, the lower that of the latter. The 
up-regulation of cyp11b was delayed compared to that of amh during gonad 
transformation, which can be obviously found from the 35d OT1 individual. cyp11b 
became highly expressed only after the testes were fully differentiated (see 42d T 





Figure 18. Quantitative analysis of amh, cyp19a1a and cyp11b during gonadal 
transformation by real-time PCR. The 28dpf ovaries (28d O) contained high amount of 
cyp19a1a transcript and very low amount of amh and cyp11b, while the 42 dpf testes 
(42d T) showed the opposite pattern.  Six individuals in the ‘juvenile ovary-to-testis’ (OT) 
transformation process showed a series of intermediate pattern between the 28d O and 
42d T. When the individuals were arranged according to decreasing cyp19a1a levels, 
amh was found to be expressed earlier and at higher level than cyp11b, and they have 
both shown reciprocal expression profile with that of cyp19a1a. Note: due to variability 
of the transformation process male individuals of the same age might be at different 




3.11 Overexpression of amh by transgenics 
 
In order to investigate whether expression of cyp19a1a would be down-regulated by 
overexpression of amh, a heat-inducible promoter, hsp70, was utilized to drive the 
expression of amh. The constructed plasmid containing hsp70:amh was first injected into 
one cell stage embryos using a Tol2 transposon-mediated transgenics method (Parinov et 
al., 2004). As no transgenic zebrafish had been found after screening about 100 
individuals, the sequence of hsp70:amh was then flanked by I-SceI recognition sequence 
and co-injected with I-SceI meganuclease into the embryos (Thermes et al., 2002). Two 
transgenic founders from about 50 injected zebrafish were found by screening their 
embryos using PCR. In order to determine whether the transgene was heat inducible or 
not, twenty pooled embryos (2dpf) were heat shocked at 37°C for 1 hour and sacrificed 
for RNA analysis. RT-PCR showed that the expression level of amh apparently increased 
after heat shock compared to the control in family I, but not in family II (Fig. 19). 
The promoter of cyp19a1a (3.4kb) was also cloned and fused to the amh open reading 
frame. The idea was to highly express amh in parallel with cyp19a1a in the same cells 
when ovary starts to differentiate. One shortcoming of cyp19a1a:amh transgene is that 
amh might also inhibit its own expression as it uses the same promoter as cyp19a1a. 
Therefore an ideal promoter should be from some other granulosa cell-specific marker 
which is not regulated by amh directly. Another promoter used for overexpressing amh 
was from zebrafish β-actin1 (3.2kb). The expression of β-actin1:amh would be 
ubiquitous as hsp70:amh, but its constant high expression may be more efficient to 





Figure 19. Inducible overexpression of amh by heat shock. The pooled embryos in family 
I transgenic to hsp70:amh showed high transcription level of amh after heat shock (37°C 
for 1 hour ) revealed by RT-PCR. In family II embryos transgenic to hsp70:amh did not 




(Emelyanov et al., 2006), eight out of 12 pairs of injected zebrafish screened so far have 
been found to be transgenic to cyp19a1a:amh and β-actin1:amh, respectively. 
 
3.12  Other genes involved in gonad transformation screened by cDNA microarray 
 
 
In order to discover more genes which are involved in “juvenile ovary-to-testis” 
transformation, genes expression profiles of adult ovaries, adult testes, 35 dpf 
transforming ovotestes (OTs), and 35 dpf normal ovaries (three individuals for each 
gonad type) were determined using cDNA microarray developed in our laboratory 
(Sreenivasan et al., 2007). This microarray contains over 6.3K unique cDNA clones from 
the differentiating (3-5 wpf) and adult gonads. 
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After the hybridization, the microarray was scanned into TIFF images. The median of 
signal and background intensities from the Alexa Fluor 555 and 647 channels were 
quantified using Genepix Pro 6.0 image acquisition and analysis software. Statistical 
analysis was performed using GeneSpring GX 7.3 (Agilent). Local background-
subtracted median intensities of all the genes were subjected to Locally Weighted 
Scatterplot Smoothing normalization, global normatlization to the positive control spots 
and gene normalization to its median. The spots which showed intensities lower than the 
median raw intensity of negative controls were excluded from analysis. The resulting 
data were subjected to a 1-way ANOVA parametric test and a multiple testing correction 
using Benjamini and Hochberg False Discovery Rate to reveal genes that showed 
statistically significant differences in expression across different tissues. 
 A condition tree comparing expression profiles across all 12 tissuess was created by 
hierarchical clustering of genes using a Pearson correlation similarity measure and a 
complete linkage algorithm (Fig. 20A). For adult testes and ovaries, their 3 biological 
replicates were found to produce similar expression profiles and consequently clustered 
together. Obvious differences could also be observed between these two different gonad 
types. All the 35 dpf transforming OTs and normal ovaries (6 individuals in total) 
clustered in a third group, but were nearer in distance to adult ovaries than to adult testes. 
The three 35 dpf normal ovaries belong to a subgroup as expected. However, among the 
other 3 transforming OTs, OT1 clustered more closely to the normal ovary group than to 
the other two OT individuals.  
Quantitative comparison of the gene expression profiles between 35 dpf normal 
ovaries and transforming OTs revealed that 237 genes were found to be up-regulated by 
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over two fold, while only 8 genes were down-regulated by over two-fold during 
transformation (two-fold was used to select obviously differentially expressed genes at a 
manageable number). As expected, both amh and cyp11b were up-regulated, albeit the 
changes were only 2.2 and 10.7 fold, respectively, and cyp19a1a was down-regulated by 
2.2 fold in contrast. Fig. 20B also shows some other candidate genes which were 
differentially expressed. Individual OT1 had similar expression levels with OT2 and OT3 
always in all genes which were up-regulate except cyp11b. However, in case of the 
down-regulated genes, OT1 expression level was markedly different from those of OT2 
and OT3. Therefore OT1 was probably in earlier stage of gonad transformation than OT2 
and OT3, with some testicular genes already up-regulated, but many ovarian genes not 
yet down-regulated. This may also be the reason why it clustered together with the 
normal ovaries, instead of with the other two transforming gonads.  
Some novel genes (showing no significant similarities with any known genes) which 
showed up-regulation during gonad transformation were further characterized by in situ 
hybridization, as shown in Fig. 21. FL28_D06 and FL09_C08 were found to be 
specifically expressed in adult testicular Sertoli cells, but not in any cell types of adult 
ovaries or other somatic tissues. In the transforming gonads, their localizations were 
presumably in Sertoli cells as well. FL27_A03 showed an interesting expression pattern. 
It could be detected in all germ cells of adult testis, with highest expression level in the 
spermatids. In contrast, it was expressed in the somatic cells of adult ovaries, but not in 









Figure 20. Hierarchical clustering of expression profiles of adult ovaries and testes, 35 
dpf normal ovaries and transforming ovotestes (OT) (three individuals for each type of 
gonad). The 35 dpf normal ovaries and transforming ovotestes look similar in general (A), 
but there are some genes showing distinct expression pattern among these two groups 
(panel B showing some examples). Data were normalized and clustered using 
GeneSpring GX 7.3 software (Agilent). Each column represents one individual sample, 
and each row labels one single gene. The colour bar shown on the left marks the gene 













Figure 21. Transcript localization of three novel genes (FL28_D06, FL09_C08 and 
FL27_A03) which were up-regulated during gonad transformation. All three genes were 
expressed in the “ovary-to-testis” transforming gonads (A, D and G). FL28_D06 and 
FL09_C08 are both expressed in the testicular Sertoli cells (B&E), but not in the ovarian 
cells (C&F). FL27_A03 was expressed in the spermatocytes, highest in the spermatids 







Chapter 4     Discussion 
 
4.1 The usefulness of vas::egfp reporter gene in analyzing zebrafish gonad development  
 
 
      Unlike in medaka or mammals which have sex-specific DNA marker for revealing 
differences between the genome of males and females, the identification of sex in 
juvenile zebrafish can only be performed based on its gonadal type after 4 wpf, mainly on 
the morphology of germ cells. The compulsory occurrence of juvenile ovary stage during 
male development makes the sexing even more difficult at the early stage, as all 
individuals look like females (Maack and Segner, 2003; Takahashi, 1977). Moreover, 
although the “juvenile ovary-to-testis” transformation has been found by large scale 
histological analysis, the molecular mechanism of the process has never been investigated, 
probably due to lack of sex markers. Previous studies on gene expression patterns were 
usually done according to timing of gonadal stages (Rodriguez-Mari et al., 2005). 
However, the timing is often varied from region to region. For example, the earliest testis 
structure could be observed on 4 wpf in our lab (Singapore), but it was 3 weeks later than 
that in Segner’s lab (Switzerland) (Maack and Segner, 2003). Hence, a genomic sex 
marker or a reporter gene with sex-specific expression is needed to study zebrafish sex 
differentiation. 
Before the beginning of this study, two transgenic lines (β-actin:egfp and zpc0.5:gfp) 
had been found to be able to sex zebrafish after 5 weeks, EGFP strongly expressed in 
females but weak or absent from males (Hsiao and Tsai, 2003; Onichtchouk et al., 2003). 
However, the “juvenile ovary-to-testis” transformation during testis differentiation 
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described by traditional histology was not found or correlated with any change of EGFP 
in these two transgenic lines.  
This study showed that in vas::egfp transgenic line EGFP was a faithful marker for 
observing ovarian differentiation and “juvenile ovary-to-testis” transformation. EGFP 
was highly up-regulated during oogenesis in the ovary making the female gonad brightly 
fluorescent in vivo, but down-regulated during spermatogenesis in the testis leading to 
non-fluorescent male gonad. During early sexual development zygotic EGFP started to be 
expressed after 16 dpf, marking the early differentiation of ovary as revealed by histology. 
Its intensity increased in the growing females as it was correlated with the number and 
size of oocytes, but only showed transient expression in some males. These observations 
are in agreement with and extend the findings in another transgenic line – β-actin:egfp 
(Hsiao and Tsai, 2003).  
This study also discovered that ovarian structures were formed in all males during 
their transient expression of EGFP, and these ovaries later degenerated and transformed 
into testes concurrent to the period when their EGFP was decreasing and disappearing. 
Thus, the “juvenile ovary-to-testis” transforming individuals could be easily identified 
and applied to all kinds of molecular studies by simply following the dynamic changes of 
EGFP.  
4.2 Males differ vastly in the extent of their commitment toward femaleness at their 
“juvenile ovary” stage 
 
      Previous publications describing the gonad differentiation of zebrafish have stated 
that all zebrafish individuals - including both females and males - go through the 
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“juvenile ovary” stage, before the differentiation of the gonads is initiated (Maack and 
Segner, 2003; Takahashi, 1977). However, in β-actin:egfp transgenic zebrafish, it was 
found that some males had never shown expression, and oocytes could not be detected in 
their gonads by histology (Hsiao and Tsai, 2003), raising the possibility that there might 
be exceptions to this rule.  
      This study based on a large number of individuals transgenic to vas::egfp has also 
revealed the existence of such males without visible reporter expression during gonad 
development. However, a few green spots could actually be observed when the gonads 
were isolated, and these green spots were proved to be oocytes by detailed histological 
analysis. Thus the gonads of EGFP-negative males also went through juvenile ovary 
phase, albeit the ovarian development was retarded before transformation. At the same 
time a high degree of variation in EGFP signal was observed in the gonads of the 
remaining males during transient expression, from some green spots to fully and strongly 
fluorescent gonads just like those of females. Subsequent histological analysis showed 
that the intensity of gonad fluorescence correlated with the number of oocytes, and it also 
indicated the degree of development of ovarian structure (Fig. 22). Higher level of EGFP, 
suggesting more oocytes, was usually accompanied by bigger ovarian lumen and more 
elongated oval shape. While lower level of EGFP, indicating less oocytes, usually came 
from gonads with smaller ovarian lumen and less elongated oval shape. To summarize, 
all males go through the “juvenile ovary” phase, but they differ in the extent of 
commitment toward femaleness during this period.  
     The description of EGFP levels as “high” and “low” in this study is used to compare 
expression levels within a group of individuals as a qualitative and comparative measure 
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but not as quantification. Since automated quantification of EGFP levels is not 
straightforward due to variables, such as the position and angle of fish, a manual method 
based on comparison of visually observed intensities was selected as the simplest and 






Figure 22. Observing zebrafish gonad differentiation with the aid of vas::egfp transgenic 
reporter gene. The status of ovary differentiation in females is indicated by the constant 
accumulation of strong EGFP signals. The males show different levels of EGFP intensity 
during the ovary stage. Type III males have strong fluorescence showing large number of 
oocytes and well developed ovarian shape and lumen before “juvenile ovary-to-testis” 
transformation. Type I males only develop a few oocytes whose fluorescence could only 
be observed from the isolated gonads but not from outside the live fish. Type II males’ 
EGFP intensity is somewhere between type I and III, and they have partially developed 
ovarian structure. The division of these three groups is arbitrary, as it is a continuous 
scale from Type I to III. Also note that the timing of earlier ovarian differentiation and 
later gonad transformation also varied among individuals. Thus the collection of certain 
types of gonads must rely on the dynamic changes of their EGFP signal intensity.  
 
 
The reason why male siblings would show such big differences in their sexual 
development is currently unknown. We propose that there might be an “imperfect” 
inhibitory mechanism in the males acting against oocyte differentiation during the 
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juvenile ovary stage. Due to the genetic variation among males, such inhibitory 
machinery may vary in its capability to inhibit early ovarian development, thus leading to 
different levels of ovarian structure. The dissection of such variation would require 
extensive crossing and selection experiments, which are outside the scope of this study. 
 
4.3 The expression of amh:tdTomat is Sertoli cell-specific but too weak for observing 
testis differentiation in vivo 
 
Zebrafish amh is specifically expressed in the gonads, both testes and ovaries (von 
Hofsten et al., 2005). By real-time PCR, its transcript level in testes was found to be 
around one thousand times higher than that in ovaries (Fig. 15). Thus the promoter of 
amh would be promising to drive red fluorescence gene specifically expressed in the 
testis. In this study, a 3.8 kb DNA fragment up stream of ATG was found to be faithfully 
driving tdTomato expression in the testicular Sertoli cells, but not in the other cell types 
or organs. However, its expression level was too low to be observed without isolating the 
gonad, thus it cannot be used for in vivo analysis of male zebrafish gonad differentiation 
yet. To enhance the expression of tdTomato, Gal4/UAS system may be applied (Davison 
et al., 2007; Koster and Fraser, 2001). In this case, two transgenic lines are needed to be 
generated separately. One line is transgenic to amh:Gal4-VP16, amh promoter driving a 
hybrid transcription factor Ga14-VP16. The other is transgenic to 14xUAS:tdTomato, the 
UAS (14 copies) element fused to the reporter gene tdTomato. When these two lines were 
crossed, the transcription factor Gal4-VP16 expressed in the Sertoli cells will 
transactivate and overexpress 14xUAS:tdTomato on a double-transgenic background. 
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Nonetheless, the current line transgenic to amh:tdTomato would be still a useful marker 
for other purposes, such as for microdissection of Sertoli cells for transcriptome analysis. 
Further analysis of the promoter region of zebrafish amh revealed the presence of 
some important transcription factor binding sites that had been shown to regulate the 
activities of mammalian Amh promoter, such as Sox9, Sf1, Gata-4 (reviewed in section 
1.7.1).  The expression pattern of zebrafish gata-4 has not been studied in the zebrafish 
gonad yet. But two Sox9 paralogs (Sox9a and Sox9b), and four Sf1 paralogs (ff1a, ff1b, 
ff1c and ff1d) have been characterized. Among them sox9a and ff1d are found to be 
expressed in the same cell type – Sertoli cells as amh (Rodriguez-Mari et al., 2005; von 
Hofsten et al., 2005). These data suggest that the molecular regulation of amh may be 
conserved during evolution. Thus, future study of zebrafish sex determination mechanism 
should also be focused on the amh, sox9 and their related factors.  
 
4.4 Up-regulation of cyp19a1a is required for ovarian differentiation, while that of amh 
and cyp11b is required for testis differentiation 
 
In this study, the zebrafish ortholog of cyp11b was cloned and its expression profile 
during gonad development was studied in detail, together with those of amh and 
cyp19a1a, by quantitative real-time PCR. During the first day of development all three 
genes’ transcript level from the maternal deposit decreased. The decrease of cyp19a1a 
was also observed by Sawyer et al. (2006). These data indicate that they may not be 
important for early embryogenesis. At 3 dpf, there was a sudden increase for all three 
genes, the reason of which is unknown.  
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From 1 to 3 wpf, the transcript level of cyp19a1a has obviously increased in both 
EGFP-positive individuals (with ovaries) and EGFP-negative ones (with undifferentiated 
gonads), although it was slightly higher in the former. This suggest that cyp19a1a plays 
an important role in the early differentiation of ovary, since initially all zebrafish 
individuals develop a ‘juvenile ovarian’ structure (Maack and Segner, 2003; Takahashi, 
1977; Wang et al., 2007). This also indicates that cyp19a1a has been up-regulated before 
the morphological formation of ovarian structure, as can be seen from the EGFP-negative 
individuals that had not developed any oocytes yet. The expression of amh and cyp11b, 
however, seemed to be suppressed during the period (1-3 wpf), and even more 
suppressed when the ovarian structure was formed, which could be found from the 
EGFP-positive individuals from 3 wpf onward.  
At 4 wpf, all three genes showed obvious sexual dimorphic expression, with 
cyp19a1a much higher in the ovaries and amh and cyp11b much higher in the testes. This 
is probably due to the fact that the gonadal structure had become sexually distinct in 
those selected individuals. The EGFP-positive individuals of this stage (with no sign of 
decreasing fluorescence) all developed typical ovarian structure, while the negative ones 
were going to or had already differentiated into testicular structure.  
The sexually dimorphic expression of cyp19a1a, amh and cyp11b was maintained in 
both sexes until adulthood with certain variations at some stages. Notably, all three genes 
seemed to show a slightly decreasing trend during ovarian development from 3 wpf 
onwards. This was probably due to the fact that the relative amount of β-actin transcript 
had increased, as the oocytes grew in size (from 10 µm to 800 µm in diameter), but the 
granulosa and theca cells (in which the three genes were presumably mainly expressed) 
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did not. Therefore this decreasing trend may not reflect the actual expression levels of 
genes in the ovarian somatic cells.  
 
4.5  Down-regulation of cyp19a1a, possibly by amh, might be the mechanism of gonadal 
transformation in male zebrafish.  
 
In this study, 4 wpf female ovaries could be transformed into male testes after a few 
weeks’ treatment by a cyp19a1a inhibitor, called Fadrozole. The morphology of these 
resulted testes shared similarity with that of normal testes undergoing natural 
transformation (i.e., with degenerating oocytes and new clusters of germ cells which 
would differentiate into spermatocytes). This result indicated that the natural 
transformation process might also be caused by down-regulation of cyp19a1a. This 
hypothesis was supported by the following data collected by in situ hybridization. In the 
normal ovaries, cyp19a1a was expressed in the somatic cells (presumptive granulosa 
cells) around some stage I oocytes, the same result as what was described by Rodriguez-
Mari et al. (2005). But once the gonad underwent “juvenile ovary-to-testis” 
transformation, the transcript of cyp19a1a could not be detected any more. 
The expression profile of amh was opposite to that of cyp19a1a during gonad 
transformation.  It could not be detected in the normal ovaries, in line with the results of 
Rodriguez-Mari et al (2005). But it was highly expressed in the transforming gonads, 
specifically in the near vicinity of degenerating oocytes, in a similar region to where 
cyp19a1a had been expressed, as well as in the cells surrounding a new cluster of germ 
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cells. Thus, the oocytes were first surrounded by somatic cells expressing cyp19a1a 
before transformation, and later by cells expressing amh while they were degenerating. 
The sequential down-regulation of cyp19a1a and up-regulation of amh during gonad 
transformation were also confirmed by real-time PCR. In the normal ovaries, the 
expression level of cyp19a1a was much higher than that of amh. While in all the 
transforming gonads, cyp19a1a was substantially down-regulated accompanied by 
gradual increase of amh transcript. More interestingly, their expression levels were 
reciprocal, i.e., the higher the level of amh, the lower that of cyp19a1a. 
These results support the idea that the peptide hormone amh may inhibit the 
expression of cyp19a1a proposed earlier by Rodriguez-Mari et al. (2005), as it was 
shown in mammals (di Clemente et al., 1992; Josso et al., 1998; Vigier et al., 1989). 
Since chemical inhibition of the Cyp19a1a enzyme can cause the transformation of 
zebrafish ovaries to testes in vivo, amh might be a rather important factor leading to the 
natural gonadal transformation in males (Figure 23).  
In order to prove the hypothesis above, the down-regulation or overexpression of amh 
would be necessary. However, there is no proper technique to down-regulate a gene after 
3 wpf. The commonly used Morpholino can only be applied to embryogenesis stage 
before 3 dpf. The RNAi-mediated gene silencing method has not been established in 
zebrafish yet. In this study, overexpression of amh was tried by transgenics. Three lines 
(hsp70:amh, β-actin1:amh and cyp19a1a:amh) have been generated to achieve this goal. 
To analyze each line, all the loci of that transgene should be mapped from the first 
generation. The reason is that random integration of transgene by microinjection often 





Figure 23. Hypothetical model of “juvenile ovary-to-testis” transformation. Certain level 
of Cyp19a1a from the granulosa cells is needed for proper development of oocytes. The 
Sertoli cell marker Amh is a candidate factor down-regulating the transcription of 
cyp19a1a, leading to degeneration of oocytes and proliferation of male germ cells. 




be properly expressed. In the next generation, individuals transgenic to a certain locus of 
this transgene should be sorted out, and used for expression analysis of amh and 
cyp19a1a, and the sex ratio. Besides, each of these three lines has a shortcoming. 
Expression of hsp70:amh and β-actin1:amh is ubiquitous, while cyp19a1a:amh has a 
self-inhibitory loop as mentioned in section 3.11. To improve, the Gal4/UAS system (see 
4.3) can be tried. However, a granulosa cell-marker must be isolated and characterized 
first. 
In the meanwhile, the amh (a member of TGF-β family) signal pathway should be 
dissected, to find its two receptors and downstream transcription factors. Furthermore, 
studies can be concentrated to find out whether these transcription factors can bind the 
promoter and activate the transcription of cyp19a1a or other genes. 
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4.6 The most predominant male steroid hormone, 11-KT, is not the first signal during 
zebrafish testicular differentiation 
 
Steroid hormones were proposed to be the main inducers driving gonadal 
differentiation in fish (Yamamoto, 1969). This suggestion was later supported by finding 
steroid-producing cells (Leydig cells) before phenotypic gonadal differentiation in 
salmonids using various molecular and histological methods (for review see Devlin and 
Nagahama, 2002; Nakamura et al., 1998). The roles of 11-KT were investigated in 
protogynous hermaphrodite fish species that showed similar gonadal morphology during 
the natural sex reversal process to that observed in juvenile zebrafish. Increased 11-KT 
concentrations were observed during the natural ovary-testis transition in several species, 
such as Thalassoma dupperrey (Nakamura et al., 1989), Sparisoma viride (Cardwell and 
Liley, 1991), and Epinephelus merra (Alam et al., 2006; Bhandari et al., 2003b). 
Artificial female-to-male sex reversal could also be induced by treating individuals of 
two of these species with 11-KT (Bhandari et al., 2006; Cardwell and Liley, 1991). Thus, 
Alam et al., (2006) proposed that 11-KT may provide the stimulus for female to 
degenerate oocytes and initiate sex change in these species. 
However, all the above studies seem to place too much emphasis on the function of 
steroid hormone produced by Leydig cells and neglect the factors originating from Sertoli 
cells during testicular differentiation. In zebrafish amh has been shown to be expressed in 
Sertoli cells (Rodriguez-Mari et al., 2005; von Hofsten et al., 2005), the same cellular 
localization as demonstrated for mammalian AMH (reviewed by Rey et al., 2003). In 
zebrafish amh transcript could also be detected in undifferentiated gonads as revealed by 
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in situ hybridization (Rodriguez-Mari et al., 2005), raising the question whether the 
peptide hormone Amh or 11-KT was synthesized earlier. 
In our studies, the 11-KT synthesizing gene cyp11b was cloned, and it was suggested 
to be expressed in the Leydig cells. The expression pattern of cyp11b during testicular 
differentiation was then compared with that of amh by in situ hybridization and real-time 
PCR. The results showed that amh was up-regulated earlier and at higher level than 
cyp11b. Before cyp11b was up-regulated, the “juvenile ovary-to-testis” transformation 
had already been clearly shown to be in progress based on morphological signal (Fig. 
17&18). These data suggest that 11-KT, the product of cyp11b, was not the earliest factor 
during testicular differentiation. Therefore, 11-KT should not be considered to be the 
primary inducer of the natural gonad transformation in zebrafish, but rather an important 
player of the downstream process, such as spermatogenesis (Miura et al., 1991) (Fig. 23).  
 
4.7 Global transcriptome analysis by microarray discovered more novel genes involved 
in gonad transformation 
 
The transcriptome of transforming gonads was compared with that of normal ovaries 
at the same stage (35 dpf) using a gonad-derived cDNA microarray containing over 6.3K 
unique clones. Their profiles looked similar in general, but there were substantial 
differences in a small group of genes, including cyp19a1a, amh and cyp11b. These 
differentially expressed genes may probably be involved in “juvenile ovary-to-testis” 
transformation. The sequential up-regulation of amh and cyp11b from the microarray data 
is also in agreement with that studied previously by in situ hybridization and real-time 
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PCR, albeit the expression level detected from microarray is much lower than that from 
real-time PCR. Moreover, many more genes were found to be up-regulated (237) than 
down-regulated (8) by over 2.0 fold during transformation. About 80% of these 237 up-
regulated genes also showed higher expression level in adult testis than in adult ovary by 
2 fold, while 5 out of 8 down-regulated genes were lower expressed in adult ovary than in 
adult testis by 2 fold. This suggests that the testicular pathway had been initiated before 
the vast degeneration of ovarian cells during transformation. This indication could also be 
observed from the transforming individual OT1 (Figure. 20B). The genes up-regulated in 
OT2 and OT3 were also more or less up-regulated in OT1, while those already down-
regulated in the former had not yet been down-regulated in the latter. 
Large scale in situ hybridization should be performed to further characterize these 
over two hundred differentially expressed genes. Their specific cellular localization will 
enable the study of early specification and differentiation of all kinds of gonadal cells, 
such as oocytes, granulosa cells, theca cells, spermatocytes, Sertoli cells and Leydig cells. 
This information is also useful in implicating these genes in a specific biological pathway, 
thus revealing their molecular interactions within one cell or between different cells. In 
this study a preliminary screening by in situ hybridization has identified two novel Sertoli 
cell markers from a few up-regulated genes. They showed strong expression in the 
transforming gonad as expected, presumably in the early Sertoli cells. However, double 
in situ hybridization will be needed to check whether they are co-expressed in the same 
cells as amh. Their order of up-regulation should also be determined so as to find the 




4.8 Sequential differentiation of granulosa cells, Sertoli cells and Leydig cells during 
testis development is indicated but needs to be proven 
 
In mammals, the testicular differentiation pathway starts from the differentiation of 
Sertoli cells, as the sex determining gene Sry was switched on in their precursors 
(reviewed by Brennan and Capel, 2004; Ross and Capel, 2005). The differentiation of 
Leydig cells usually followed that of Sertoli cells, as they required some factors from the 
later, such as Dhh (Yao et al., 2002). This sequential differentiation of Sertoli cells and 
Leydig cells has also been found in the medaka, the only fish with known sex 
determining gene (DMY) so far (Kobayashi et al., 2004). 
However, in zebrafish the male first developed an ovary-like structure which later 
transformed into testis during gonad development. As far as somatic cells were concerned, 
granulosa cells seemed to differentiate first, as the up-regulation of cyp19a1a was 
observed around the oocytes (Cyp19a1a is involved in the last step of steroidogenesis to 
convert testosterone into E2, thus should be regarded as a granulosa cell marker). When 
the ovary was transforming into testis, cyp19a1a could not be detected by in situ 
hybridization anymore, instead, amh which is regarded as Sertoli cell marker in mammals 
(Adams and McLaren, 2002; Albrecht and Eicher, 2001a) started to be highly expressed. 
As the gonad transformation went on, the Leydig cell marker cyp11b was also up-
regulated, indicating the zebrafish Leydig cells might be also differentiated later than 
Sertoli cells, the same sequence as in medaka and mammals.  
A key question during the transformation is whether the amh expressing cells 
originate from the cyp19a1a expressing cells, as both of them are located around the 
oocytes. If yes, this may indicate that granulosa cells have the potency to trans-
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differentiate into Sertoli cells. Guigon et al. (2005) found that rat follicle cells acquired 
morphological characters of Sertoli cells when the oocytes were depleted by gamma-
irradiation, except that they were immature Sertoli cells without expressing Sox9. If the 
answer is no, granulosa cells might just degrade and Sertoli cells differentiate from some 
precursors. In medaka, the Sertoli cells and granulosa cells are proposed to originate from 
the common precursors (Nakamura et al., 2007). The sox9b-expressing somatic cells 
differentiated into Sertoli cells expressing dmrt1 in XY gonad, but into granulosa cells 
expressing foxl2 in XX gonads. In mammals, there was also some evidence supporting 
that these two cell types had common predursors (Albrecht and Eicher, 2001b; McLaren, 
1991). However, whether this is true for zebrafish needs more investigations.  
Nonetheless, this study used only a single expression marker for each cell type. To 
answer the questions listed above, more markers are needed to be identified and 
characterized. Double in situ hybridization, possibly combined with antibody staining, 
should be performed to find out whether the granulosa cell and Sertoli cell markers, 
including cyp19a1a and amh, are co-expressed in the same cells.  
 
4.9 The hermaphroditic gonad of juvenile zebrafish males: A potential model for the sex 
change of protogynous sequential hermaphrodites  
 
      During differentiation the zebrafish male gonad goes through a process similar to 
those of sequential hermaphrodite teleosts that change sex from female to male during 
their adulthood (Frisch, 2004). Despite the obvious difference in timing (i.e. juvenile vs. 
adult), it seems unlikely that the two processes used for the conversion of (juvenile) 
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ovary to testis would be essentially different, as the structural architecture of the gonad of 
sex changers during and after the conversion are quite similar to those of the zebrafish 
gonads (Alam et al., 2005; Bhandari et al., 2003a). Therefore we propose that testis 
differentiation in zebrafish could serve as a potential model for the protogynous sex 
changers. As this group of teleosts contains several species with high importance for food 
fish culture [several grouper species from the Epinephelus genus (Alam et al., 2005; Lee 
et al., 1995)], and for ornamental aquaculture [wrasses from the Thalassoma genus 
(Hourigan et al., 1991; Koulish and Kramer, 1989; Shapiro and Rasotto, 1993)] as well as 
species considered invasive pests [e.g. the Asian swamp eel (Monopterus albus) (Yeung 
and Chan, 1987)], studies of zebrafish gonadal differentiation might also have potential 
















This study aimed to study the molecular mechanism of “juvenile ovary-to-testis” 
transformation during male zebrafish development, an unknown process which had only 
been found by traditional histological analysis of the randomly sacrificed fish. A 
transgenic reporter construct, vas::egfp that had been created earlier by others to observe 
PGC development, was found by us to be a good marker for observing this 
transformation process. The intensity of EGFP-based fluorescence was correlated to the 
number of oocytes: it decreased till undetectable when oocytes were degrading and being 
replaced by male germ cells during transformation. Chemical inhibition and expression 
analysis of aromatase cyp19a1a suggest that the degeneration of ovarian-structure may be 
due to down-regulation of cyp19a1a by some factors. One candidate gene inhibiting 
cyp19a1a is amh (Figure 23), as they showed reciprocal expression level, similar cellular 
localization and their orthologs’ interaction has been proven in mammals. This 
hypothesis could be proven by overexpressing amh through transgenics. Three different 
transgenic lines have been generated and their functional analysis might provide the 
answer to this question. The 11-KT synthesizing gene cyp11b, which was proposed to be 
the stimulus for gonad transformation in other teleosts, was expressed later than amh, 
suggesting that it is probably involved in the downstream events of testis differentiation, 
such as spermatogenesis. Global transcriptome analysis of the gonad transformation 
process by gonad-derived cDNA microarray has revealed more novel genes which should 
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Table 1. Primer sequences 
 
Purpose Primer name Sequence (5’-->3’) 
cyp11b _5’ RACE outer  GCAGCGAACGGCAGAAATCC 
cyp11b _ 5’ RACE inner    GAAGGACTCCTCCATGTGTTTGTGC   
cyp11b _3’ RACE   GAAGGGGACCATCAAGGAGAC 





  cyp11b _ R TGAAGGTCCTCAGAATGTGC   
cyp11b _RT_F  5'   CCTCGGGCCCATATACAGAGA   
cyp11b _RT_R  5'   CGTCCCGTTCTTGAGGAAGA   
cyp19a1a_RT_F  GATATTTGCTCAGAGCCATGGA  
cyp19a1a_RT_R   GCTCTGGCCAGCTAAAACACT   
amh_RT_F1    GGGTGTGCATGCTACAGAAGAT   
amh_RT_R1   CTCAGAAATGCAAACAGTCTGTGT   








  β-actin_RT_R GGTGGGGCAATGATCTTGATC    
hsp70_F_SalI          AAAgtcgacTCAGGGGTGTCGCTTGGT        
hsp70_R_KpnI        AAAggtaccCAGGAAAAAAAAACAATTAGAATTA       
amh_ORF_F_KpnI       AAA ggtacc CATGCTTTTCCAGACAAGATTTG   
amh_ORF_R_XbaI        AAA tctaga TCAGCGGCATTCGCACTTG    
cyp11b _ORF_F_KpnI      AAAggtacc CATGTTCTCCTCCTGCGCTG  
cyp11b _ORF_R_XbaI       AAA tctaga TCAGTGCTGGTGTGTGAGTGT 
pTol2EGFP_F_IsceI tagggataacagggtaatTCTTGGTCCAGGACTCGTGA    
pTol2EGFP_R_IsceI tagggataacagggtaat AAGACATTCCGCTGCACTTG 
amh_ORF_F_Xmal   AAAcccgggATGCTTTTCCAGACAAGATTTG  
amh_ORF_R_XbaI   AAA tctaga TCAGCGGCATTCGCACTTG   
cyp19a1a_Pro_F_NdeI   AAAcatatgTTGGGTGTAGGATTAGGGATGT   
cyp19a1a_Pro_R_Xmal   AAAcccgggAAGAACGGATTAAGAAGCAAGTC 
bactin1_pro_F_NdeI    AAAcatatgGACAAGCTGCTTTCGTCACTAG 
bactin1_pro_R_XmaI   AAAcccgggGGCTGTAGGGAAAAAAAGCGA 
tdTomato_F_BamHI   AAA ggatcc ATGGTGAGCAAGGGCGAGGA     
tdTomato_R_XbaI      AAA tctaga TTACTTGTACAGCTCGTCCATG 
amh_Pro_F _SalI               AAAgtcgacGAGGAAACCGATTGCTACA           
amh_Pro_R_BamHI      AAAggatccCATCTTCTCACATTCAGTCAGA 
cyp11b _Pro_F_EcoRI AAAgaattcGATCCTGCTTTTCCCCAGA   
cyp11b _Pro_R_BamHI    AAAggatccCATGCTGCCGATGCTGA    
ankmy_Pro_F_EcoRI    AAAgaattcTATTTGTTGGCTTTCTGTG 
ankmy_Pro_R_BamHI   AAAggatccCATTATACTGTTCTTGTCCTT 


























  pEGFP1_R_IsceI tagggataacagggtaatAACGCTTACAATTTACGCCTT 
 
 III
Table 2. Genes differentially expressed by 2 folds during gonad transformation                                          
Gene ID a_O 35d_O 35d_OT a_T 35d_OT Blast Results
/35d_ O
FL09_C08 0.47 0.76 22.91 4.66 29.99 differentially regulated trout protein 1 [Salvelinus fontinalis]
FL29_A11 0.13 0.20 3.36 0.25 16.68 progranulin-b [Danio rerio]
FL03_H07 0.32 0.78 8.83 2.33 11.32 chimera galectin Gal3 [Danio rerio]
FL12_B06 0.02 0.03 0.29 2.04 11.01 similar to sperm protein Sp17 [Danio rerio]
FL08_A11 0.63 0.04 0.38 21.83 10.81
FL38_G07 0.28 0.34 3.61 3.78 10.67 cyp11b
FL28_D06 0.46 0.07 0.55 29.01 8.01
FL27_D06 0.13 0.65 5.06 0.63 7.81 Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide 
FL03_D03 0.02 0.10 0.79 0.58 7.61 similar to Testican-2 precursor 
FL29_C01 1.39 1.10 8.23 1.55 7.50 similar to Receptor-type tyrosine-protein phosphatase mu precursor
FL26_A06 0.05 1.32 7.97 3.08 6.02 similar to SPARCL1, partial [Danio rerio]
FL27_A03 0.37 0.09 0.54 18.93 5.93
FL18_H03 0.17 0.42 2.29 0.48 5.49 major histocompatibility complex class II DAB gene [Danio rerio]
FL01_A02 0.14 1.42 7.71 4.03 5.42 ubiquitin C [Danio rerio]
FL23_H11 0.67 1.39 7.42 1.36 5.34 similar to adiponectin [Danio rerio]
FL17_B03 0.07 0.10 0.54 0.68 5.32 peripheral myelin protein 2 [Danio rerio]
FL08_D11 0.47 0.48 2.46 0.84 5.10 olfactomedin 2 [Danio rerio]
FL32_G11 0.27 0.80 4.01 0.97 5.04 actin related protein 2/3 complex, subunit 1A [Danio rerio]
FL07_F04 0.86 1.84 8.90 1.27 4.85 hypothetical protein LOC405809 [Danio rerio]
FL20_A09 0.14 0.06 0.27 1.51 4.84 transducer of ERBB2, 1a [Danio rerio]
FL15_H06 0.17 0.59 2.88 4.47 4.84 similar to Keratin 18 [Danio rerio]
FL22_A02 0.25 1.82 8.68 2.26 4.78 keratin 12 [Danio rerio]
FL18_A09 0.47 1.60 7.64 6.89 4.77 claudin 7 [Danio rerio]
FL24_B07 0.09 0.15 0.73 3.09 4.75 calmodulin 2, gamma [Danio rerio]
FL40_E05 0.18 0.19 0.80 2.50 4.32 hypothetical protein LOC445025 [Danio rerio]
FL10_G09 0.08 0.29 1.21 2.71 4.13 similar to transgelin 3 [Danio rerio]
FL08_E08 0.07 0.27 1.12 2.00 4.09 similar to Transmembrane 4 superfamily member 8 (Tetraspanin 3) 
FL23_F01 0.25 0.88 3.58 1.87 4.06 keratin 12 [Danio rerio]
FL31_B10 0.03 0.06 0.22 0.10 4.04 lysozyme [Danio rerio]
FL26_B06 0.80 0.78 3.10 1.71 3.97 similar to podocan protein [D...
FL27_A07 0.55 0.63 2.46 1.32 3.94
FL52_C01 0.02 0.21 0.81 2.33 3.88
FL64_F11 0.57 0.48 1.84 1.20 3.85 similar to retinol binding protein isoform 2 [Danio rerio]
FL28_E08 0.45 0.17 0.66 15.59 3.85
FL19_E07 0.44 0.28 1.07 2.42 3.81 similar to connexin 43 isoform 4 [Danio rerio]
FL21_F12 0.03 0.19 0.72 1.65 3.77 MHC class II integral membrane protei...
FL23_H06 0.01 0.49 1.84 0.08 3.76 similar to alpha globin type-2 isoform 1 [Danio rerio]
FL11_G12 0.12 0.16 0.59 5.18 3.73 similar to ring finger protein 128 isoform 2, partial [Danio rerio]
FL20_D05 0.52 0.67 2.50 3.21 3.73 putative ISG12-2 protein [Danio rerio]
FL41_D12 0.12 0.36 1.31 5.74 3.62
FL09_F05 0.37 0.25 0.89 3.31 3.59 similar to Ckii protein isoform 6 [Danio rerio]
FL28_G02 0.21 0.55 1.97 0.64 3.58 similar to Exocyst complex component Sec15B [Danio rerio]
FL22_B01 0.02 0.41 1.44 0.42 3.55 similar to testican 3 [Danio rerio]
FL27_F06 0.36 0.99 3.50 1.14 3.55 similar to Coronin-1B (Coronin-2) isoform 4 [Danio rerio]
FL24_D09 0.11 0.28 1.00 1.38 3.54 similar to cadherin 1, epithelial [Danio rerio]
FL11_F08 0.06 0.22 0.79 1.19 3.53 similar to cadherin 1, epithelial [Danio rerio]
FL10_C03 1.77 1.24 4.36 1.17 3.53 similar to Receptor-type tyrosine-protein phosphatase mu precursor
FL20_A06 0.05 0.11 0.39 1.21 3.53 thymosin, beta [Danio rerio]
FL43_G01 0.73 1.32 4.60 1.18 3.49
FL20_D07 0.16 0.16 0.55 0.45 3.45
FL15_E03 0.03 0.31 1.08 7.38 3.43 hypothetical protein XP_701492 [Danio rerio]
FL09_B09 0.06 0.04 0.13 0.66 3.42
FL27_C06 0.53 0.86 2.89 2.25 3.37 annexin A11b [Danio rerio]
FL49_G04 0.36 0.51 1.71 0.69 3.36 envelope protein [Danio rerio]
FL44_C08 0.64 1.13 3.80 2.17 3.35 similar to complement component C7-2 [Danio rerio]
FL09_B06 0.06 0.15 0.49 3.73 3.24 similar to Histone H1.5 (H1 VAR.5) (H1b) isoform 1 [Danio rerio]
FL38_H01 0.08 0.31 1.00 1.41 3.24 similar to HLA class II histo...
FL26_B07 0.23 0.69 2.24 1.43 3.23
FL25_E06 0.05 0.14 0.45 0.51 3.18 hypothetical protein LOC436968 [Danio rerio]
FL11_B05 0.07 1.65 5.24 0.42 3.17 MHC class II integral membrane protein alpha chain 3 [Danio rerio]
FL23_F07 0.11 0.22 0.71 1.47 3.15 similar to solute carrier family 22 member 7 isoform a [Danio rerio]
FL47_D02 1.11 0.99 3.11 1.16 3.14
FL09_F02 0.28 0.41 1.26 1.65 3.08 similar to 40S ribosomal protein S27-2 isoform 2 [Danio rerio]
 IV
FL07_H04 0.04 0.64 1.96 2.30 3.07 similar to mannosyl-oligosaccharide 1,3-1,6-alpha-mannosidase [Danio rerio]
FL29_B01 0.06 0.76 2.32 0.14 3.06 similar to zinc finger protein, subfamily 1A, 4 [Danio rerio]
FL07_B12 0.40 0.19 0.59 0.38 3.02 CCAAT/enhancer binding protein (C/EBP) 1 [Danio rerio]
FL25_D06 0.07 0.14 0.43 0.67 3.01
FL44_C10 0.56 0.34 1.01 1.71 2.98 ribosomal protein S18 [Danio rerio]
FL13_A06 0.10 0.80 2.36 0.38 2.96 MHC class II integral membrane protein alpha chain 3 [Danio rerio]
FL28_F12 0.97 0.46 1.37 1.50 2.95 UTP11-like, U3 small nucleolar ribonucleoprotein [Danio rerio]
FL37_B11 0.68 0.98 2.89 1.74 2.93 hypothetical protein XP_701322 [Danio rerio]
FL28_E07 0.50 0.40 1.17 1.51 2.93 bcl2-associated X protein [Danio rerio]
FL10_C12 0.12 1.25 3.60 2.23 2.89 annexin 6 [Danio rerio]
FL64_A11 0.11 0.24 0.70 0.57 2.88
FL25_B11 0.10 0.25 0.71 7.89 2.86 similar to synaptonemal complex protein 3 [Danio rerio]
FL10_A10 0.15 0.18 0.51 0.88 2.85
FL12_E03 0.16 0.24 0.68 4.21 2.84 similar to ring finger protein 128 isoform 2, partial [Danio rerio]
FL15_G08 0.14 0.72 2.04 3.11 2.83 similar to Transgelin 2 isoform 2 [Danio rerio]
FL49_G06 1.03 0.83 2.35 1.34 2.82 hypothetical protein LOC368901 [Danio rerio]
FL22_B02 0.58 0.36 1.00 1.01 2.81 similar to Hyperion protein, 419 kD isoform, partial [Danio rerio]
FL28_B10 0.44 0.17 0.46 1.80 2.79 hypothetical protein LOC406307 [Danio rerio]
FL12_A04 0.13 0.22 0.60 3.70 2.79
FL30_D01 0.45 0.21 0.57 0.62 2.79
FL01_F10 0.37 0.29 0.80 1.74 2.78 cytidylate kinase [Danio rerio]
FL14_B11 0.02 0.05 0.15 7.35 2.77 similar to Histone H1.5 (H1 VAR.5) (H1b) isoform 2 [Danio rerio]
FL29_A05 0.44 0.84 2.33 1.07 2.76
FL30_F12 0.34 0.30 0.84 3.31 2.76 hypothetical protein LOC503596 [Danio rerio]
FL08_F07 0.49 0.99 2.74 1.64 2.76 hypothetical protein XP_701342 [Danio rerio]
FL31_C06 0.21 0.33 0.89 1.99 2.73 similar to Histone H1.5 (Histone H1a) [Danio rerio]
FL12_C08 0.02 0.03 0.09 10.40 2.72 similar to Ankyrin-3 (ANK-3) ...
FL19_F08 0.37 0.90 2.43 0.60 2.70 major histocompatibility complex class II DAB gene [Danio rerio]
FL26_B09 0.77 0.31 0.83 1.54 2.70 similar to nascent polypeptide-associated complex alpha polypeptide 
FL25_B12 0.22 0.24 0.63 3.85 2.68
FL31_F10 0.32 0.50 1.32 1.88 2.65
FL28_E10 0.08 0.17 0.45 0.59 2.64 similar to amyloid precursor protein [Danio rerio]
FL25_B10 0.46 0.22 0.59 1.58 2.63 similar to zinc finger protein 569 [Danio rerio]
FL14_F05 0.04 0.19 0.49 2.38 2.62 similar to muscle-specific creatine kinase isoform 3 [Danio rerio]
FL16_H11 0.50 0.31 0.80 1.96 2.60 ribosomal protein L28-like [Danio rerio]
FL63_A04 0.35 0.58 1.51 0.70 2.59
FL26_D07 0.02 0.46 1.18 0.39 2.56 similar to Complement factor D precursor (C3 convertase activator) 
CAND_B04 0.64 0.77 1.98 3.14 2.56
FL25_H07 0.37 0.35 0.89 0.67 2.55 similar to Tumor differentially expressed 2 [Danio rerio]
FL21_H10 0.63 0.37 0.95 1.51 2.55 similar to protein phosphatas...
FL32_G02 0.64 0.93 2.35 1.65 2.54 hypothetical protein LOC494053 [Danio rerio]
FL42_E01 0.68 1.11 2.80 0.97 2.52 similar to lysozyme-like [Danio rerio]
FL17_G07 1.10 1.59 3.98 1.06 2.50 annexin 6 [Danio rerio]
FL12_G11 0.23 0.31 0.77 3.28 2.50 similar to cathepsin F [Danio rerio]
FL27_B11 0.43 0.30 0.74 1.73 2.50 ribosomal protein L26 [Danio rerio]
FL08_H02 0.63 0.26 0.66 2.52 2.50 signal transduction and activation of transcription 1 [Danio rerio]
FL30_G09 0.40 0.58 1.43 0.73 2.47 hypothetical protein LOC393183 [Danio rerio]
FL38_H03 0.08 0.28 0.69 1.40 2.46 similar to DNA directed RNA polymerase II polypeptide E, partial [Danio rerio]
FL35_E05 0.09 0.17 0.41 0.59 2.46
FL37_A10 0.09 0.29 0.71 0.79 2.45 cytochrome c oxidase subunit VIa polypeptide 1 [Danio rerio]
FL12_A02 0.97 0.26 0.64 1.59 2.45 similar to Isocitrate dehydrogenase 1 (NADP+), soluble [Danio rerio]
FL36_E07 0.98 1.03 2.53 0.60 2.45 Rho GDP dissociation inhibitor (GDI) alpha [Danio rerio]
FL09_D02 0.01 0.02 0.05 7.76 2.45 similar to mKIAA1148 protein [Danio rerio]
FL22_B03 1.60 0.34 0.84 3.58 2.44
FL41_D01 0.11 0.31 0.75 1.02 2.43 similar to cadherin 1, epithelial [Danio rerio]
FL41_B09 0.44 0.25 0.61 1.60 2.43 ribosomal protein L24 [Danio rerio]
FL08_A10 0.22 0.15 0.35 1.84 2.42
FL38_C07 0.57 0.35 0.85 3.29 2.42 similar to cyclin I [Danio rerio]
FL39_E11 0.55 0.29 0.71 1.66 2.41 ribosomal protein S5 [Danio rerio]
FL41_B05 0.80 1.36 3.28 1.97 2.40 similar to Dickkopf related protein-3 precursor (Dkk-3) (Dickkopf-3) (mDkk-3)
FL13_B10 0.70 0.52 1.24 0.92 2.39
FL05_C03 0.22 0.25 0.61 1.57 2.39 similar to 40S ribosomal protein S30 [Danio rerio]
FL11_A09 0.50 0.22 0.52 1.55 2.39 ribosomal protein L24 [Danio rerio]
FL05_H10 0.66 0.73 1.73 1.29 2.38 similar to ATP synthase coupling factor 6, mitochondrial precursor
FL29_B02 0.69 0.69 1.65 0.38 2.38 small nuclear ribonucleoprotein polypeptide A [Danio rerio]
FL41_D07 0.10 0.29 0.69 6.58 2.38 similar to ring finger protein 128 isoform 2, partial [Danio rerio]
FL09_D10 0.73 0.47 1.11 2.14 2.38 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4, like [Danio rerio]
FL29_D03 0.19 0.09 0.22 16.11 2.37 similar to Cullin-4B (CUL-4B) isoform 4 [Danio rerio]
FL38_E09 0.62 0.80 1.88 2.23 2.36
 V
FL12_F08 0.46 0.40 0.93 2.92 2.35 similar to phosphodiesterase 11A [Danio rerio]
FL04_D05 3.98 0.18 0.41 0.75 2.35 similar to SI:dZ125J23.11 (Gypsy polyprotein) [Danio rerio]
FL29_B10 0.76 0.43 1.02 1.93 2.34 similar to 26S proteasome non-ATPase regulatory subunit 4 
FL25_F07 0.62 0.35 0.82 1.71 2.34
FL27_F12 0.64 1.25 2.92 3.03 2.34 similar to Diamine acetyltransferase 2 
FL12_H03 0.73 0.64 1.48 1.99 2.33
FL63_E06 0.83 0.63 1.46 2.76 2.33 similar to Kunitz protease inhibitor 2 [Danio rerio]
FL26_G05 1.47 1.25 2.92 2.79 2.32
FL45_G07 0.35 0.85 1.98 1.35 2.32
FL48_F01 0.31 0.77 1.76 1.05 2.30
FL43_H01 1.29 2.43 5.58 2.35 2.30 similar to Dolichol-phosphate mannosyltransferase subunit 3 
FL07_F10 1.31 0.99 2.28 0.44 2.30 prothymosin, alpha [Danio rerio]
FL11_E03 0.14 0.17 0.38 1.28 2.29 similar to kinesin family member 7 [Danio rerio]
FL18_B03 0.45 0.32 0.74 1.13 2.29 similar to Guanine nucleotide-binding protein G(I)/G(S)/G(O) gamma-12 subunit 
FL29_E03 0.93 0.86 1.95 5.53 2.28
FL52_H02 0.45 0.50 1.13 1.66 2.28
FL21_H05 0.71 0.46 1.05 2.41 2.27 GABA(A) receptor-associated protein-like 2 [Danio rerio]
FL35_C07 0.99 0.60 1.37 1.13 2.27
FL16_H10 1.14 0.33 0.75 1.82 2.26 eukaryotic translation initiation factor 3, subunit 8 [Danio rerio]
FL16_D10 0.58 0.45 1.02 1.31 2.26
FL23_G04 0.90 0.33 0.74 3.41 2.26
FL25_A08 0.24 0.41 0.91 1.68 2.25
FL07_C12 0.52 0.38 0.85 1.47 2.25 similar to ribosomal protein L18a [Danio rerio]
FL45_B06 0.31 0.48 1.08 1.49 2.24
FL33_E06 0.82 1.09 2.44 3.32 2.24 similar to Dickkopf related protein-3 precursor (Dkk-3) (Dickkopf-3) (mDkk-3) 
FL07_A02 0.43 0.53 1.19 1.33 2.24
FL10_C08 0.02 0.02 0.04 9.07 2.22
FL37_G11 0.98 1.28 2.85 1.64 2.22
FL35_C02 1.98 0.30 0.67 2.13 2.22 hypothetical protein LOC402989 [Danio rerio]
FL58_D12 3.94 0.67 1.49 2.49 2.22 hypothetical protein LOC503759 [Danio rerio]
FL07_F07 0.38 0.93 2.05 2.02 2.21 ribosomal protein L5 [Danio rerio]
FL31_A10 0.84 1.36 3.00 3.36 2.21 putative ISG12-2 protein [Danio rerio]
FL26_D02 0.35 0.37 0.81 0.95 2.20
FL17_B05 0.35 0.44 0.97 1.81 2.20 ribosomal protein L23a [Danio rerio]
FL37_B10 0.70 0.67 1.47 3.84 2.20
FL11_H04 0.45 0.43 0.94 1.73 2.18
FL05_C09 0.14 0.53 1.17 1.68 2.18 hypothetical protein LOC554105 [Danio rerio]
FL02_B09 1.55 1.47 3.21 1.32 2.18 es1 protein [Danio rerio]
FL07_G06 0.31 0.20 0.43 2.37 2.18
FL15_D09 1.29 0.30 0.65 1.45 2.17 similar to Nebulin [Danio rerio]
FL06_E10 0.31 0.94 2.04 1.88 2.17 ribosomal protein S16 [synthetic construct]
FL26_A11 0.33 0.75 1.63 1.56 2.17 similar to interferon-induced, hepatitis C-associated microtubular aggregat 
FL31_F02 0.77 1.43 3.09 1.53 2.17 similar to Kazal-type serine proteinase inhibitor precursor isoform 1 
FL07_D12 0.47 0.33 0.71 2.07 2.17 60S acidic ribosomal protein P1 [Danio rerio]
FL15_D11 0.33 0.18 0.38 1.79 2.17
CAND_C05 0.80 0.60 1.29 3.73 2.17 amh
FL11_G08 0.51 0.41 0.88 2.07 2.16 60S acidic ribosomal protein P1 [Danio rerio]
FL34_H02 0.22 0.42 0.90 0.63 2.16 similar to chromosome 8 open reading frame 4 [Danio rerio]
FL40_H07 0.55 0.69 1.49 1.18 2.16
FL52_C05 0.48 0.89 1.92 1.54 2.16
FL28_C04 0.15 0.36 0.76 1.87 2.15
FL44_H07 0.43 0.63 1.36 1.51 2.15
FL27_D08 0.95 0.47 1.01 2.28 2.14 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d 
FL16_G03 1.65 0.91 1.94 0.86 2.14 similar to : F-box protein 44 [Danio rerio]
FL07_B09 0.72 0.78 1.66 1.83 2.14 ribosomal protein L8 [Danio rerio]
FL37_D08 0.50 0.23 0.50 1.56 2.13 hemoglobin alpha embryonic-1 [Danio rerio]
FL11_B10 1.02 0.77 1.64 1.58 2.13 FK506 binding protein 4 [Danio rerio]
FL19_C10 1.36 0.59 1.25 0.87 2.13 annexin 6 [Danio rerio]
FL60_F02 0.53 0.31 0.67 0.79 2.13 similar to MGC97606 protein [Danio rerio]
FL11_B11 0.63 1.09 2.31 1.51 2.12 similar to interferon-induced, hepatitis C-associated microtubular aggregat
FL62_B12 2.91 0.35 0.74 2.09 2.12 similar to Atrxl protein [Danio rerio]
FL35_F05 0.44 0.63 1.34 1.58 2.12 keratin 12 [Danio rerio]
FL36_F03 0.40 0.30 0.64 2.72 2.12
FL37_F02 0.49 1.36 2.88 1.37 2.11 similar to Wu:fc15g08 protein isoform 3 [Danio rerio]
FL17_D06 0.69 0.11 0.23 1.65 2.11 ribosomal protein S25 [Danio rerio]
FL09_H08 0.16 0.13 0.28 6.11 2.10 similar to MGC78790 protein [Danio rerio]
FL27_D10 0.40 0.58 1.22 4.07 2.09 similar to glutamate receptor, ionotropic, N-methyl D-asparate-associated protein 1
FL22_E06 0.21 0.21 0.45 1.58 2.09 similar to glutathione S-transferase [Danio rerio]  
 VI
FL29_F11 0.60 0.77 1.61 2.64 2.09 similar to family with sequence similarity 13, member A1 isoform a [Danio rerio]
FL13_F06 1.15 0.23 0.48 1.45 2.09 similar to Tax1 (human T-cell leukemia virus type I) binding protein 1 [Danio rerio]
FL33_E08 0.32 0.46 0.96 1.04 2.09 similar to High affinity immunoglobulin epsilon receptor alpha-subunit precursor 
FL31_E06 0.31 0.47 0.97 3.12 2.08 hypothetical protein XP_682250 [Danio rerio]
FL12_D10 1.31 0.29 0.61 4.92 2.08 heterogeneous nuclear ribonucleoprotein D-like [Danio rerio]
FL41_F08 0.61 0.94 1.96 2.87 2.08 proteasome activator subunit 3 [Danio rerio]
FL24_D12 0.37 1.00 2.07 1.29 2.08 similar to casein kinase 1, gamma 1 [Danio rerio]
FL41_E05 0.42 0.57 1.19 1.59 2.08 similar to cyclin I [Danio rerio]
FL31_C11 0.57 0.55 1.14 1.31 2.08 eukaryotic translation elongation factor 1 beta 2 [Danio rerio]
FL45_G01 1.62 1.31 2.72 1.91 2.08
FL12_B11 1.74 0.62 1.29 3.51 2.07 hypothetical protein LOC445043 [Danio rerio]
FL35_F03 0.51 0.38 0.79 1.94 2.07 hypothetical protein LOC550529 [Danio rerio]
FL29_B08 0.03 0.14 0.29 8.36 2.07 similar to RAB1A, member RAS oncogene family isoform 2 [Danio rerio]
FL08_G10 0.01 0.08 0.17 2.64 2.07 similar to cytochrome c oxidase subunit Vb precursor [Danio rerio]
FL10_B02 0.92 0.75 1.55 3.81 2.06 similar to heterochromatin protein 1 alpha isoform 5 [Danio rerio]
FL07_G04 1.35 0.38 0.78 4.49 2.05 similar to Gamma-aminobutyric acid type B receptor, subunit 2 precursor 
FL33_G11 0.45 0.46 0.94 5.91 2.05 similar to retinoic acid induced 14 (predicted), partial [Danio rerio]
FL19_H08 0.76 0.67 1.37 2.52 2.04 hypothetical protein LOC447845 [Danio rerio]
FL15_D10 0.81 0.37 0.75 2.35 2.04 similar to CG10739-PA [Danio rerio]
FL14_A07 0.41 0.62 1.26 1.33 2.04 similar to growth factor independent 1 [Danio rerio]
FL11_G01 0.18 0.12 0.24 4.33 2.04 similar to high-mobility group box 2 [Danio rerio]
FL29_D02 0.47 0.39 0.80 3.49 2.03 RNA polymerase II transcriptional coactivator [Danio rerio]
FL41_C12 0.50 0.30 0.61 1.57 2.03 similar to glycerol-3-phosphate dehydrogenase, partial [Danio rerio]
FL33_E07 0.34 0.51 1.04 5.62 2.03 bone morphogenetic protein 4 [Danio rerio]
FL17_H04 0.06 0.18 0.36 1.70 2.03 similar to glyceraldehyde-3-phosphate dehydrogenase isoform 4 [Danio rerio]
FL45_G11 0.75 0.97 1.97 1.24 2.03 hypothetical protein LOC393742 [Danio rerio]
FL40_C03 2.95 0.80 1.61 1.02 2.02
FL10_F05 0.22 0.30 0.61 4.43 2.02
FL11_A06 0.55 0.26 0.53 1.57 2.02 ribosomal protein L24 [Danio rerio]
FL12_A11 1.01 0.74 1.50 2.02 2.02 similar to Voltage-dependent anion-selective channel protein 1 (VDAC-1) 
FL33_D05 0.27 0.66 1.33 1.08 2.02 CCAAT/enhancer binding protein (C/EBP) 1 [Danio rerio]
FL12_D02 0.53 0.34 0.69 3.68 2.01
FL07_C06 1.60 0.49 0.99 2.45 2.01
FL15_H11 1.77 0.56 1.13 1.94 2.01 FK506 binding protein 1b [Danio rerio]
FL30_A02 1.91 2.83 5.67 0.72 2.01 proteasome (prosome, macropain) subunit, beta type, 11 [Danio rerio]
FL15_A02 0.41 0.65 1.30 1.57 2.01 hypothetical protein LOC613140 [Danio rerio]
FL16_B01 0.52 0.46 0.91 1.67 2.00 similar to Tetratricopeptide repeat protein 11 (TPR repeat protein 11)
FL17_E06 2.03 4.05 2.04 1.43 0.50 similar to predicted CDS, polyprotein family member (4B673) [Danio rerio]
CAND_B06 2.33 3.86 1.74 1.42 0.45 cyp19a1a
FL60_H08 3.50 3.40 1.53 1.15 0.45 similar to nudix-type motif 8 [Danio rerio]
FL53_H04 2.40 32.55 14.01 0.83 0.43 paraxis [Danio rerio]
FL06_B04 3.41 9.90 4.14 0.08 0.42 similar to eukaryotic translation elongation factor 1 alpha 2 [Danio rerio]
FL20_B03 2.60 2.98 1.22 1.29 0.41 similar to Ras association (RalGDS/AF-6) domain family 6 isoform a [Danio rerio]
FL20_F08 1.44 10.44 3.44 1.40 0.33 similar to Arylalkylamine N-acetyltransferase, partial [Danio rerio]
FL52_E07 6.30 9.20 2.46 0.69 0.27 similar to melanosomal matrix protein precursor, partial [Danio rerio]  
 
